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Preface
We are happy to present the proceedings of the Wroclaw HELAS Workshop ,,Interpretation
of asteroseismic data”, which was the third asteroseismic workshop held under the auspices
of the European Helio- and Asteroseismology Network (HELAS; http://www.helas-eu.org/).
This year the conference was organized by the Astronomical Institute of the Wroclaw Univer-
sity and took place in Wroclaw, Poland, June 23-27, 2008. The Wroclaw HELAS Workshop
gathered 123 participants from 24 countries all over the world.
The subject matter of the conference touched most topics in asteroseismology with a
special emphasis on theoretical interpretation. As it is usually at asteroseismic meetings, we
had a number of invited and contributed talks as well as poster sessions. We could hear
excellent reviews on problems and prospects in theory of stellar evolution and pulsation, on
difficulties in deriving constraints on stellar parameters and physical internal processes and,
in particular, on what we can learn about stars from their variability. Moreover, problems of
extracting oscillation frequencies from observations were highlighted in a very comprehensive
way. Wonderful presentations were also given on the current (e.g., OGLE, COROT) and future
(e.g., SONG, BRITE) observational projects and on new results for all types of multiperiodic
pulsators.
I should take this opportunity to thank once again all participants for coming to Wroclaw
and taking part in the workshop. I would like to thank all invited speakers as well as par-
ticipants who contributed to oral and poster sessions presenting their interesting results.
Many thanks to the Scientific Organizing Committee for very efficient work on setting up
the conference program. I am deeply grateful to all people from the Astronomical Institute
of the Wroclaw University for help at the workshop organization. In particular, to the Local
Organizing Committee members: Andrzej Pigulski, Joannna Molenda-Z˙akowicz, Urszula Ba¸k-
Ste¸s´licka and Marek Ste¸s´licki, for their great assistance and the valuable time they devoted
to the workshop preparation.
Finally, many thanks to all authors for their contributions, to the referees and to the editors
of the proceedings of the Wroclaw HELAS Workshop, Michel Breger, Wojtek Dziembowski
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Abstract
Main difficulties and uncertainties in stellar physics originate in the modelling of convection,
microscopic and macroscopic transport mechanisms and rotation. I consider each of these
physical aspects, with a particular attention to their possible probe by asteroseismology.
Another important question about opacities is considered by Montalban & Miglio (2008).
Convection
Convection is the most difficult physical process to model in stellar interiors. First, because of
its non-local character: the convective flux cannot reallistically be related to local gradients.
Second, because of its spectral nature with space scales going from the dissipation scale of
centimeters to stellar sizes. And third, because of its extremely turbulent character, as shown
by the huge values of the Reynolds number.
Convective envelopes
Deep enough in the star, the high efficiency of convection leads to a quasi-adiabatic strat-
ification. But this is not the case in the upper part of convective envelopes where the
description of the super-adiabatic stratification is subject to large uncertainties. There are
two approaches to model this region: using an analytical theory or performing 2D or 3D
hydrodynamic simulations following the Large Eddies Simulation (LES) approach.
The simplest and crudest analytical theory is the Mixing-Length Theory (MLT) which
neglects the non-local and spectral nature of convection, the whole spectrum being reduced
to a single representative scale: the mixing-length, generally parametrized as l = α Hp.
Simple modeling of the action of buoyancy over one mixing-length leads to the well-known
cubic equation whose solution gives the required quantities.
Another more realistic analytical theory is the Full Spectrum of Turbulence (FST) approach
(Canuto & Mazzitelli 1991, Canuto et al. 1996). The main limitation of this theory is its local
character, the convective flux being expressed as: Fc = (4acT 4)/(3κρ)H
−1
p (∇−∇ad) φ. To
obtain the function φ(Γ), the authors solved once and for all the Navier & Stokes equations in
the Fourier space of turbulence for different convective efficiencies Γ, using the eddy damped
quasi-normal Markovian approximation (Lesieur 1987) that avoids getting negative energy
at relevant wavelengths. This gives the energy spectrum and by a simple integration φ. A
modified version of the cubic equation is then obtained, which is explicitely designed for a
very simple implementation in a stellar evolution code, like the MLT.
A third analytical approach corresponds to the so-called Reynolds stress models, where the
classical approach of turbulence splitting physical quantities and equations into an average and
fluctuating contribution is followed. The average equations introduce second order correlation
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terms: the convective flux, the Reynolds stress tensor and the dissipation of turbulent kinetic
energy into heat. To obtain them, the fluctuation equations are multiplied by appropriate
quantities and averaged, but this introduces unknown higher order correlation terms up to
the fourth order. To get as much equations as unknowns, a closure model must be included,
expressing the fourth order correlations in term of the second order ones. The simplest closure
model is the quasi-normal approximation, but the resulting equations can present singularities
and unphysical wave behaviours. New closure models have been proposed avoiding such
singularities (e.g. Cheng et al. 2005). The main strength of the Reynolds models is that
they naturally hold the non-local character of turbulence as exhibited by the advection terms
appearing explicitely in the equations.
The other very important approach to model convection is to perform full 2D or 3D
hydrodynamic simulations. The main limitation is that the smallest scales at the bottom of
the turbulent cascade are by far smaller than the scales reached by these simulations. The
basics of the LES approach is to introduce a so-called subgrid scale model taking somehow into
account the self similar dissipation of unresolved smaller scales into heat. This is done typically
by the addition of a kind of eddy viscosity. 3D LES codes widely used in the context of stellar
physics are e.g. the code of Stein & Nordlund (1998), CO5BOLD (Wedemeyer et al. 2004)
and ASH (Miesch et al. 2000). The first two use a finite difference approach in a small
cartesian box, while ASH uses a spectral approach in a global spherical domain.
An important question is how analytical models compare with the mean stratifications
from LES. First, concerning solar-type convective envelopes, the super-adiabiatic gradient
from LES is slightly less picked than in MLT and FST local models. The turbulent pressures
and velocities from LES exhibit clearly the non-local character of turbulence with a more
or less exponential decrease in the subadiatic atmosphere. But the largest differences are
found in the thin superficial convective zones of A-type stars localized in the H and He
partial ionization zones (Steffen 2006). The convective flux fraction from LES appears to
be very small there (Fc/F < 0.05 in the H zone and negligible in He zone). MLT models
do not reproduce this aspect (except with negligible α) but FST models do. Moreover, a
striking feature in LES is that the H and He convective zones join in terms of the convective
velocities, which is also found in Reynolds models (Kupka & Montgomery 2002). Hence, the
whole region would have to be mixed when including microscopic and macroscopic chemical
transport (see next sections). It is generally told that LES simulations cannot be included
in stellar evolution computations, because the time spanned by LES are by far too small.
But why not thinking about building a grid of simulations (with different Teff and log g) and
interpolate, as it is generally done with stellar atmospheres?
Convective penetration and overshooting
Because of their inertia, convective elements are expected to penetrate slightly in the stable
subadiabatic layers, defining the so-called overshooting region whose description is quite un-
certain. Two possible pictures can arise. If the Peclet number is large, inertia dominates over
the radiative losses. Hence, the convective blobs keep their heat content when penetrating the
stable region. There, they are quickly braked by buoyancy and heat exchanges lead to a nearly
adiabatic stratification. According to Zahn (1991), we can call this convective penetration.
For small Peclet numbers, the picture is very different: the turbulent motions are unable to
keep their temperature and density contrast in the subadiabatic layers, they can thus proceed
deeper, do not affect the temperature stratification but just extend the mixing region. We
can call this overshooting. Considering the values of the Peclet number, we should expect
that convective penetration occurs above convective cores, while overshooting occurs only in
the thin superficial convective zones of A stars. However, mixing associated with differential
rotation can somehow mimick extended core overshooting.
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It is useful to consider what numerical simulations tell us about the vicinity of convective
zones. I consider here mainly the results obtained by Browning et al. (2004) using the
code ASH and by Brummell et al. (2002) in a smaller cartesian box. A general feature
appearing in 3D simulations is that the flows are highly time-dependent, with complex and
intermittent features in space and time entering the subadiabatic region. The non-local
character of the phenomenon is evident. Negative values of the convective flux are found,
in agreement with the above picture of convective penetration. However, the Peclet and
Reynolds numbers of these simulations are by far smaller than reality and the simulation
times are much smaller than the thermal time scale, which inhibits using them to predict
the resulting mean stratification. Including rotation in the simulations appears to affect the
results significantly. The overall scales are reduced and, from a dynamic point of view, the
Coriolis force deflects the trajectories, with momentum transfer from radial to horizontal,
particularly near the equator. An unexpected consequence is that global simulations predict
a prolate form of the adiabatic part of the convective core. Finally, a general tendency is that
increasing the Reynolds number of the simulations decreases the size of the overshooting
region, as a consequence of the decreasing filling factor of the plumes.
Semi-convection
A problem which is often forgot is semi-convection. It typically occurs when the convective
core grows in mass. As an immediate consequence, a discontinuity is created in X, and thus
in the opacity (κ ∝ (1 + X)). Hence ∇rad > ∇ad above the convective core and there is
an intrinsic ambiguity in the definition of its boundary. The only solution is to assume a
region of partial mixing above the convective core, but the question arises which condition
characterizes this “semi-convective” region: the Schwarzschild criterium ∇rad = ∇ad or the
Ledoux criterium ∇rad = ∇ad + β/(4 − 3β)∇μ ≡ ∇L nullifying the buoyancy force? Semi-
convection can have also other origins, but it is always characterized by an initial situation
where the steep molecular weight gradient implies ∇ad < ∇ < ∇L. As ∇ < ∇L, the region
is dynamically stable, the buoyancy acting as a restoring force. But ∇ > ∇ad so that high
 gravity modes trapped in this region are locally driven (Kato 1966). It is expected that
such vibrational instability will affect the chemical distribution, but how? We could hope that
hydrodynamic simulations give us clues, but they are not numerous in the stellar context and
only in 2D, as e.g. those of Merryfield (1995). These simulations show that the final state
strongly depends on the super-adiabatic gradient ∇−∇ad imposed as initial condition. If it
is large, the initial disturbances evolve into large-amplitude standing waves that break rapidly,
leading to disorganized regions of overturning, so that rapid global mixing ensues. But if it is
low, such dramatic overturning does not occur and no significant mixing ensues. The question
is which is the critical initial gradient delimitating these two scenarios? Unfortunately, present
simulations do not provide us with an answer.
Transport processes
Microscopic diffusion
Different forces act segregatively on different particles and can modify progressively the repar-
tition of chemicals in stellar radiative zones. On the one hand, the gravitational force pushes
down the heavy particles, and on the other hand, the radiative forces push up the absorbant
particles. Two formalisms are commonly used to derive the diffusion velocities of different
elements: the Chapman-Enskog’s theory (Chapman & Cowling 1970) and the Burgers (1969)
theory. The two are based on a perturbative treatment of the Boltzmann transport equation.
The main source of uncertainties lies in the calculation of the collision integrals appearing in
this equation. They diverge when a pure Coulomb potential is used, so that the shielding
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by electrons must be taken into account. But the classical Debye-Hu¨ckel theory for weakly
coupled plasmas is not accurate enough here as the electrostatic potential is hardly smaller
than kT in stellar interiors. Paquette et al. (1986) did numerical computations using a so-
called modified Debye-Hu¨ckel potential which has the quality of agreeing with other rigorous
simulations in the two limiting cases of dilute and dense plasmas. Fitting of these results by
Michaud & Proffitt (1993) are now widely used. Other improvements are to include quantum
effects, as done by Schlattl & Salaris (2003), and dynamic shielding.
Radiative forces
The segregative action of radiative forces on particles merits a particular emphasis. The main
difficulty is in the computation of the monochromatic cross sections. Next, simple integrations
and use of the formalisms cited above lead to the diffusion velocities. Significant numerical
difficulties occur for the implementation in stellar evolution codes, mainly because of the
very broad range of time-scales associated with this process and the large amount of data to
handle. A parametric approach, as derived by Leblanc & Alecian (2004) can be extremely
useful to decrease the computation time. In some cases, e.g. in subdwarf B stars, it is
argued that, as the diffusion time scales are smaller than the stellar evolution one, equilibrium
chemical profiles are reached and can be assumed; this simplifies of course a lot the problem.
Macroscopic transport due to differential rotation
As detailed by Zahn (2008), rotation is at the origin of two macroscopic transport processes
of very distinct natures in radiative zones. First, the Von Zeipel theorem shows that rotation
must generate a meridional circulation. After a transient phase, this circulation settles in
a quasi-stationary regime allowing to advect angular momentum (and at the same time
chemicals) towards the surface where it is lost for example by winds. Second, the horizontal
shear and other instabilities due to differential rotation generate turbulence. This turbulence
is expected to be much more vigorous in the horizontal plane because of the stabilizing
effect of buoyancy, justifying the so-called shellular approximation where differential rotation
in latitude is assumed negligible. Turbulence in radiative zones acts as a diffusive transport
mechanism, which is qualitatively very different from the advection by meridional circulation.
The main source of uncertainties lies in the turbulent diffusion coefficients that must be used
to model this process (Mathis et al. 2004).
Magnetic field and differential rotation certainly influence each other. In a full radiative
star, the high conductivity tends to freeze deformation of the strength lines. Hence, the
magnetic field acts against differential rotation. But the things become complicated when
the field connects with a convective envelope in differential rotation like in the Sun, because in
this case, differential rotation is transmitted along the field lines. So, magnetic field is certainly
an important actor but it cannot explain fully the solid rotation of the Solar radiative core
predicted by helioseismology.
Transport by internal gravity waves
Internal gravity waves emitted at the boundary of convective zones transport angular momen-
tum in the radiative zone where they are dissipated. Prograde waves propagating downwards
increase the angular momentum towards the center while retrograde wave do the contrary.
Because of the Doppler effect, the radiative dissipation is stronger for the prograde waves,
so that the retrograde waves are able to proceed deeper and extract more angular momen-
tum. Simulations by Charbonnel & Talon (2005) show that this process succeeds to explain
the solid rotation of the present Solar core. The turbulence generated by these processes
allows also to explain the Lithium underabundance. The role of Coriolis force in this frame is
discussed by Mathis (2008).
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Rotation: geometrical effect
In moderate to rapid rotators, the centrifugal force breaks the spherical symmetry, so that 2D
stellar models are required to describe them correctly. If the time aspect is disregarded, static
2D models can be computed more easily (Roxburgh 2006). Some 2D models show convective
envelopes trapped along the equator (Espinosa & Rieutord 2007); this is an example of how
our representation of wave propagation cavities could be modified when including rotation.
Helioseismology as a probe of Solar physics
The Solar case is the best illustration of the success of seismology to probe the above physical
processes. The two main quantities obtained by helioseismic inversion are the sound speed
and the rotation rate. As a first example, sharp features of the sound speed derivative, as
they appear e.g. at the base of the convective envelope manifest as oscillatory components in
the frequency separations. The corresponding wavelength gives the location of the convective
zone boundary and its amplitude is related to the size of the overshooting region (Roxburgh &
Vorontsov 1994, Christensen-Dalsgaard et al. 1995). However, the latter authors showed that
present observations do not allow to discriminate between thin sharp convective penetration
and broad smooth overshooting. Including microscopic diffusion affects also the sound speed
in the radiative core, giving a better agreement with the results of seismic inversion. Finally,
the rotation profile obtained by inversion appears to be solid in the radiative core, constraining
the different macroscopic transport processes. Transport by internal gravity waves is required
to explain it.
Asteroseismology as a probe of stellar physics
Pulsating stars are a real zoo, enlighting very different physical processes. As for solar-like os-
cillations observed in main sequence and red giant stars, not only the frequencies are a source
of information, but also the amplitudes and line-widths give constraints on the upper part of
the convective envelope (Samadi 2008, Houdek 2008). On the other side, we have the big
familly of auto-driven pulsators. As their frequencies correspond to mixed modes and/or grav-
ity modes, they inform us about the very deep layer of the star. But the interpretation of their
much more complex frequency pattern requires mode identification methods based on other
observables (Handler 2008, Telting 2008). Moreover in many of these stars, the coupling be-
tween oscillations and rotation is expected to be very large, which complicates a lot the picture
(Lee 2008, Lignie`res 2008). Forgetting these difficulties, the main quantity that can be con-
strained from g-mode periods is the Brunt-Va¨ısa¨la¨ frequency N . Sharp features in N manifest
as oscillatory components in the period separations, holding clear constraints on overshooting,
μ gradients and thus on the different transport processes (see e.g. Miglio et al. 2008). Finally,
it is useful to remark that constraints on opacities, transport processes and convection can be
obtained by a non-adiabatic seismic analysis: comparing theoretical and observed ranges of
excited modes, instability strips, spectro-photometric amplitude ratios and phase-lags, even
when the individual modes are not identified. Asteroseismology already shows successes for
several types of pulsators (β Cep stars, white dwarfs, sdBs, ...), as shown in detail in this
conference. And many more fascinating results are expected from present and future space
missions: COROT, MOST, Kepler, BRITE-C ...
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Abstract
The study of pulsating stars through photometric observations, specially time series pho-
tometry, has grown from visual to single channel photometry, double and triple channel and
finally CCD photometry. The continuous measurement of the pulsating star, simultaneously
with accurate sky measurements and several comparison stars, has allowed a huge increase
in the detectability of low amplitude pulsations, and the possible correction of thin cloud
and atmospheric variability, which can occur at timescales of minutes, due to g-modes on
the Earth atmosphere. It has also been crucial to be able to use comparisons brighter than
the target star and less than a few arcminutes from the pulsating star, decreasing the noise
introduced in the differential photometry due to noise in the comparisons. On 4m class tele-
scopes, and prime focus on 2m class telescopes, we can routinely achieve 1 mmag precision
up to 19th mag stars, allowing the study of distant stars and possibly different populations.
To be able to measure multiple periods present in non-radially pulsating stars, it is necessary
to observe the star for several beat periods, and multi-site campaigns, with networks such as
the Delta Scuti Network and the Whole Earth Telescope, for example, have allowed such long
observations, lasting of the order of two to five months. On the data analysis side, corrections
of the observations times to the barycenter of the solar system became necessary to join long
data sets, and Monte Carlo simulations of the time series allowed an efficient way to estimate
the detection limits for time series with gaps and multiperiodic, where the noise distribution
is not Poissonic. The discovery of many pulsation modes in nonradially pulsating stars, as
Delta Scuti, roAp, the Sun and white dwarf stars, has allowed seismological studies measur-
ing accurately several internal properties of these pulsating stars, as each mode of pulsation
is an independent measurement of the stellar structure, and both g-modes and p-modes in
general sample a large fraction of the star. It has become evident that most types of pulsators
show amplitude variations on timescales of weeks to years, even when we can untangle the
individual modes, i.e., correct by the beating of nearby modes. These changes are most likely
on timescales comparable to the growth timescales of the different modes and should carry
detailed information on the instability mechanism. White dwarf pulsators show the largest
number of pulsation modes detected after the Sun. Their study has allowed a strong test on
stellar evolution and high density physics, including their secular time change rate, placing
these stars in levels comparable to large collider experiments.
Individual Objects: GD 358, PG 1159-035, G 117-B15A, FG Vir
Introduction
Delta Scuti, roAp (e.g., Kurtz et al. 2005), sdBs, ZZ Cetis, DBVs, DOVs, Herbig Ae stars
(e.g., Bernabei et al. 2007), and several other classes of pulsators show multiperiodic nonradial
pulsations that carry information on the stellar structure.
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The study of variable stars outgrew the single channel photometry to two channels, where
a star plus a nearby comparison star were observed simultaneously to allow the detection of
variability due to the Earth’s atmosphere, and therefore not intrinsic to the star (Nather 1973).
Later three channel photometers were introduced, where in addition to the variable star plus
comparison, a sky channel is measured continuously and simultaneously (Nather et al. 1990),
as the Earth’s atmosphere also undergoes g-modes, on timescale around a few hundred sec-
onds and longer, comparable to the stellar pulsations we aim to detect.
More recently, the readout noise reduction and improvements in blue sensitivity in CCDs
has allowed star, several comparison stars, and sky measurements simultaneously, improving
the detection limits (e.g., O’Donoghue 1995, Nather & Mukadam 2004). To achieve 1 mma
(fraction intensity variation) detection level, it is recommended to obtain flat field measure-
ments with at least a signal-to-noise ratio of S/N=1000 at 1% linearity, which in general
requires 100 flat field exposures, keeping the counts at a fraction of the full well capacity
to assure such linearity. The routine use of autoguiders, maintaining the stellar image in a
few fixed pixels and the use of at least two comparison stars -preferably brighter than the
target star, the use of frame transfer,low duty cycle or windowing and precise timings have
allowed the detection of low amplitude variability (e.g., Castanheira et al. 2007) for stars
previously reported as stable. Note that the use of CCDs with different quantum efficiencies
and different observatory altitudes affects the measured amplitudes and even phases, caused
by chromatic effects. Most variable stars exhibit chromatic amplitude and phase changes,
which can be used for mode identification (e.g., Kepler et al. 2000).
For data reduction, it is necessary to include leap second corrections and convert the
timings to the barycenter of the solar system in order to prevent the introduction of timescale
variability caused by the Earth’s orbit (e.g., Kepler et al. 2005). The optimum extraction
techniques, aperture or profile fittings with addition of residuals have been discussed , for
example, by Kjeldsen & Frandsen (1992), Kanaan et al. (2000), and Handler (2003a). I have
a preference for weighted apertures. Care must also be taken with the extinction correction,
as the colors of the nearby comparison stars, in general, cannot be chosen to match the color
of the target star. For eclipsing pulsators, data reduction must account for the change in
surface area during ingress and egress (e.g., Vuckovic et al. 2007).
The recent development of fast readout CCDs has allowed the search for variability on
timescales much shorter than one second, for example with the Ultracam (Dhillon et. al. 2007,
Silvotti et al. 2007a).
Multisite campaigns
To detect multiperiodicities closely spaced in frequency and separate real amplitude varia-
tions from beating, continuous data sets, and therefore network observations, are necessary.
Examples are: (i) The DSN (Delta Scuti Network) which started in 1983, with at least
29 campaigns to date. The DSN 25 campaign for FG Vir in 2004 detected a total of 79
frequencies (Breger et al. 2005, Breger & Pamyatnykh 2006); (ii) Stephi, a 3-site Delta
Scuti network which started in 1987 and reached 15 campaigns in 2006 (Michel et al. 2000);
(iii) The Whole Earth Telescope (WET), started in 1988 and in 2008 reaching 26 cam-
paigns, with repeated observations of GD 358 (Winget et al. 1994, Vuille et al. 2000, Ke-
pler et al. 2003 and Provencal et al. 2008) and PG 1159-035, for which a total of 198
independent frequencies have been detected, of which 29 are triplets and 46 are quintuplets
(Winget et al. 1991, Costa et al. 2008), the largest number of modes detected after the
Sun. WET has also been used to study Delta Scuti stars (e.g., Breger & Handler 1993,
Handler et al. 1997) and roAp stars (e.g., Kurtz et al. 2005). In fact, all networks found that
repeat observations are necessary, as the detected pulsation modes in general change from
year to year (e.g., Kleinman et al. 1998, Vuille 2000, Breger et al. 2005, Kurtz et al. 2005).
Handler (2003b) discusses the application of statistical weights when combining data from
telescopes with different apertures and noise distribution.
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Fourier Transforms
Considering the noise distribution is not Poissonic due to the multiperiodicities, and the data
are not equally spaced, it is necessary to perform Monte Carlo simulation, shuffling the data
in the time domain to estimate the false alarm probability and subsequent identification the
multiple modes through pre-whitening in the light curve domain, fitting the light curves with
non-linear least square algorithms. With the advances of fast computers, discrete Fourier
transforms have become the norm, instead of the fast Fourier algorithms that require equally
spaced data (e.g., Kepler 1993).
Amplitude Changes
Most pulsators show amplitude changes on timescales of days to years, for example GD 358
(Kepler et al. 2003, Provencal et al. 2008) and other DBVs (Handler et al. 2003). The DOV
PG 1159-035 also show amplitude variations, but no harmonics or combination modes were
detected and the models show no significant convection zone (Costa et al. 2008). Several
Delta Scuti stars (e.g., Breger & Lenz 2008, Breger, Davis & Dukes 2008) and Cepheids
(e.g., Breger 2006) are also observed to show amplitude variations.
Several pulsators show combination frequencies (e.g., Vuille et al. 2000, Kepler et al. 2003,
Breger & Kolenberg 2006), which can be used to study convection (e.g., Montgomery 2005,
2008a), mode identification (e.g., Yeates et al. 2005), and the amplitude limitation mechanism
(e.g., Montgomery 2008b).
Rate of Change with Time
With repeat observations over up to 34 years, it has been possible to detect the secular
rate of period change. For example, for G 117-B15A (Kepler et al. 2005), the most stable
optical clock known, it was possiblo to measure the the timescale for evolution and infer
the core composition. For PG 1159-035, Costa, Kepler, & Winget 1999, and Costa & Ke-
pler (2008) report a measurement of dP/dt for multiple modes, allowing an estimation of
dProtation/dt, dR/dt, dT/dt, and even d2P/dt2. Althaus et al. (2008a) used the multiple
dP/dt to demonstrate that the star has a thin He envelope.
Conclusions
It is important to note that rotation causes multiplets to have different amplitudes, and
amplitude changes possibly caused by energy exchange with rotation. Gough (2007) points
out the following: ”No matter what the distortion of the eigenfunction, and from no matter
what source it arises, nonrotating stars don’t know the difference between their left and their
right. Left – right is the only property that distinguishes between m = +1 and m = -1, but the
latter is a matter of one’s choice of coordinate axis, which a star cannot know. Only when the
star is rotating, there is a physically real principal axis, an axis which we are forced to adopt
for describing eigenmodes; that axis has a well-defined directed orientation, and therefore can
tell the star which is the left and which is the righ t. It is quite different from the principal
axis of the distortion caused by any other, axisymmetric, force, such as a magnetic field, for
example, which has direction, of course, but is not orientated. So if there is an m = +1,
m = -1 asymmetry, whether it be in photometric or in spectroscopic data, it has to be a
consequence of rotation.”
Considering that white dwarf pulsations are global and sample almost the whole interior
of white dwarf stars, seismologically determined masses (e.g., Winget et al. 1991, 1994,
Costa et al. 2008, Co´rsico et al. 2008, Althaus et al. 2008b) can be more accurate than those
S. O. Kepler 27
obtained from binary solutions. Asteroseismology is the only tool to measure the surface layer
masses, which are determined from the up-to-now not accurately modeled mass loss through
stellar evolution. For example, Castanheira & Kepler (2008) measured the hydrogen layer
mass for a set of ZZ Ceti stars.
The rates of change of the pulsation periods are measurable and can be used to pre-
cisely measure the evolutionary rates of these stars, to detect planets around them (e.g.,
Silvotti et al. 2007b), and to probe for exotic particles that are strong candidates for dark
matter (e.g., Winget et al. 2004, Kepler 2004).
On mode properties, there are still several unanswered questions, as pointed out by
Winget & Kepler (2008): what is (are) the driving, mode selection, and amplitude limit-
ing mechanism(s)? Are they the same for all instability strips and throughout each strip?
Are the amplitude and phase changes on timescales from days to years due to the different
growth timescales? What is the origin, role, and nature of mode coupling? What is the role
of inclination in m-selection, considering we see the amplitude of different m components
change with time in a few stars? Are there pulsations with higher values of the spherical
harmonic degree? Can we identify the modes with chromatic amplitude and combination
peaks?
Ground-based photometry continues to be the fundamental tool for the study of pulsat-
ing stars, and improvements in instrumentation and analysis tools have allowed continuous
progress.
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DISCUSSION
Dziembowski: Is the total pulsational energy conserved when the dramatic changes in oscillation spectrum
occur?
Kepler: In general terms, yes. For PG1159.035 and GD358, when we consider the total energy in pulsa-
tions, it is the same within a factor 2 over the years. This is within our uncertainties, as the amplitude
uncertainties for each mode is of the order of 20%.
Breger: The δ Scuti stars may be different: for amplitude changes, the energy is not conserved among
visible modes.
Guzik: What does the second time derivative of period tells you about the star physically?
Kepler: Pre-white dwarfs are cooling rapidly. Also, the cooling rate is changing rapidly.
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Abstract
During the past three decades, astronomers have been gathering extensive time series of high-
precision spectroscopy of pulsating stars. In contrast to one-shot spectra, which provide the
fundamental parameters, time-resolved spectroscopy offers a much broader variety of input
for asteroseismology. The most important applications encompass the determination of the
radial-velocity amplitudes and phases of the modes, the detection of modes that are invisible
in photometry, the identification of the azimuthal orders through specialised methodology,
the unravelling of pulsational and orbital motions, and, since a few years, the detection of
solar-like oscillations in various types of stars. We discuss the input that spectroscopic time
series can provide for asteroseismic modelling, for various types of pulsators. We end with
some future prospects of how spectroscopy can help to push seismic applications beyond the
present achievements.
Individual Objects: β Cephei, β CMa, ν Eri, θ Oph, δ Ceti, FG Vir, Procyon, η Boo, α Cen A, β Hyi
Spectra for fundamental parameter determination
Time-resolved spectroscopy alone usually does not yet imply sufficient information to inter-
prete the oscillation spectra of stars. The limited number of detected frequencies and lack of
unambiguous mode identification on the one hand, and the limitations of the validity of the
theoretical models on the other hand, require us to consider additional information to limit the
grids of models for seismic tuning. This additional information usually consists of the funda-
mental parameters of the star, such as its effective temperature, gravity, luminosity, rotation
velocity and abundances. A high-precision determination of the fundamental parameters of
asteroseismic targets remains of importance. This can be achieved partly through photo-
metric data, but the abundances and rotation information must come from high-resolution
spectroscopy. Large systematic differences occur when comparing quantities derived from
photometric calibrations and from spectroscopic diagnostics (e.g., De Ridder et al. 2004). It
is obvious that photometric data, even for well-calibrated narrow filter systems, can never
deliver the same accuracy as high signal-to-noise high-resolution spectroscopy. On the other
hand, uncertainties in atmosphere model computations (e.g. in terms of atomic data, non-LTE
effects, line blocking, mass loss effects, etc.) along with imperfect continuum normalisation
imply systematic uncertainties.
Modern applications of spectroscopic fundamental parameter determination for var-
ious pulsators are available in, e.g., Gillon & Magain (2006), Morel et al. (2006),
Lefever et al. (2007), Bruntt et al. (2008). These works all show that such type of clas-
sical work remains of importance, since more precise results are found each time the data
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Figure 1: Snapshot spectra from the line-profile survey of bright B-type stars by Telting et al. (2006).
quality and model atmosphere computations improve. In particular, the addition of polari-
metric information besides classical spectroscopy has revealed a number of surprises, such as
the discovery of magnetic fields in hot Be stars (e.g., Neiner 2007 for a review) and in half
of the slowly pulsating B stars (Hubrig et al. 2006).
Precise abundance determinations are also relevant in the context of the discovery of
massive pulsators in the Magellanic Clouds (e.g. Kolaczkowski et al. 2006, Karoff et al. 2008,
Sarro et al. 2008). For the modes in such stars to be excited, a higher-than-average SMC
metallicity is needed (Miglio et al. 2007). This implies that the opacities are still too low
and/or atomic diffusion processes (Montalba´n & Miglio 2008) are not yet well included in the
models.
Spectroscopic surveys to discover pulsators from line features
While large-scale photometric searches for new pulsators have been ongoing since the 1950s,
we had to await for improvements in the efficiency of high-resolution spectroscopic instru-
mentation, which was achieved only since the mid 1980s, to start systematic searches for
line-profile variables. At first this was done in a biased way, in the sense that the results
from photometric surveys were used for the target selection of the spectroscopic surveys,
e.g., Solano & Fernley (1997) for δ Sct stars, Aerts et al. (1999) for slowly pulsating B stars,
Mathias et al. (2004) and De Cat et al. (2006) for γ Dor stars, Kurtz et al. (2006) for roAp
stars, Lefever et al. (2007) for hot supergiants, etc.
Unbiased high-resolution spectroscopic surveys are scarce and still limited to bright stars.
A notable achievement was the long-term survey assembled by Telting et al. (2006) who took
spectra for an almost complete sample of stars with spectral type between B0 to B3 and
with visual magnitude below 5.5. They discovered that line-profile features occur in 65%
of their 171 monitored stars. Examples are shown in Fig. 1. While not necessarily all of
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them are pulsators, this is a much higher percentage of variability than the one found from
photometric surveys. The explanation is that most line-profile variables turn out to have
bumpy line features, which points to modes of degree above 2, which have amplitudes too
low to be detected in ground-based photometry. This result is in full agreement with the
survey of 27 monitored bright southern early-type Be stars by Rivinius et al. (2003), who find
25 of them to be nonradial pulsators.
As a side result, spectroscopic binaries were discovered from these spectroscopic surveys.
Each of the discovered line-profile variables is in principle suitable for seismic tuning. This re-
quires dedicated long-term follow-up spectroscopy as described below, but with the additional
challenge that we cannot rely on photometric time series to deliver the mode degrees.
Time series for radial-velocity variations of solar-like pulsators
The oscillations of the Sun are caused by turbulent convective motions near its surface.
Such oscillations are thus expected to occur in all stars with outer convection zones. The
first firm detection of individual frequencies was achieved from time-resolved spectroscopy
of the G5IV star η Boo (Kjeldsen et al. 1995). Even though Brown et al. (1997) could not
establish a confirmation of this detection, the result was confirmed by Kjeldsen et al. (2003)
and Carrier et al. (2005). Solar-like oscillations were also definitely established in Procyon
(Martic´ et al. 1999), in the G2IV star β Hyi (Bedding et al. 2001) as well as in the G2V star
α Cen A (Bouchy & Carrier 2001).
With the availability of high-precision spectrographs, built mainly for planet hunting, more
discoveries were made. Several review papers on this topic already exist, so we refer the reader
to those rather than repeating them here (e.g., Bedding & Kjeldsen 2007). Meanwhile,
solar-like oscillations have been firmly established in some 30 stars. Their position in the
HR Diagram is provided in Aerts et al. (2008). Their frequency separations behave as expected
from theoretical predictions and scaling relations based on extrapolations from helioseismology
(e.g., Kjeldsen & Bedding 1995, Samadi et al. 2005).
The level of sophistication in the seismic modelling of solar-like oscillators is still far
from the one in helioseismology. However, given that the detections were established only
recently and that the space missions CoRoT and Kepler will add numerous cases of stars with
uninterrupted photometry, we expect a breakthrough in the near future.
Time series for mode identification of classical pulsators
Pulsators excited by the κ-mechanism usually do not give rise to many detected frequencies,
nor to frequency separations. Before seismic modelling can be attempted for such stars,
it is necessary to achieve empirical mode identification based on data. The gathering and
interpretation of time-resolved high-resolution spectroscopy for mode identification was pi-
oneered in the 1980s by M. Smith and his collaborators as well as by D. Baade. These
teams obtained such type of data with the very first high-resolution spectrographs for var-
ious types of pulsating stars along the main sequence and compared these with theoretical
predictions through line-profile fitting (e.g., Campos & Smith 1980a,b; Baade 1982, 1984;
Smith 1983, 1985a,b, 1986; Smith et al. 1984).
To make the mode identification more objective, quantitative spectroscopic mode identifi-
cation methods have been developed meanwhile. The idea is to compute carefully defined di-
agnostics from the observed line profiles and compare them with theoretical predictions based
on the theory of stellar oscillations. One such method is based on the moment variations of
the spectral lines and was first introduced by Balona (1986a,b, 1987) and further developed by
Aerts et al. (1992), Aerts (1996), Cugier & Daszyn´ska (2001) and Briquet & Aerts (2003).
This method has meanwhile been applied to many different types of pulsators along the
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Table 1: Comparison of the results for the mode identification of the δ Sct star FG Vir, as available in the
literature. Whenever more than one value for  or m is given in a column, discrimination among them was
impossible.
Frequency Viskum Breger Daszyn´ska- Zima
et al. et al. Daszkiewicz et al.
d−1 (1998) (1999) et al. (2005b) (2006)
9.199  = 2  = 2  = 2  = 1, 2, 3 m = +1
9.656  = 2  = 1, 2  = 2  = 0, 1, 2 m = 0
12.154  = 0  = 0  = 0  = 0, 1, 2 m = 0, +1
12.716  = 1  = 1  = 1  = 1 m = 0
12.794 – –  = 2, 1  = 2, 3, 4 m = −2
16.071 – –  = 0 – –
19.227 – –  = 2, 1, 0  = 1, 2 m = +1
19.867  = 2  = 2  = 2, 1  = 0, 1, 2 m = 0
20.287 – –  = 0, 1  = 1, 2, 3 m = −1
20.834 – – –  = 2, 3, 4 m = +1
21.051  = 2  = 2  = 1, 0  = 0, 1, 2 m = 0
23.403  = 0  = 0, 1  = 2, 1  = 2 m = 0
24.227  = 1  = 1, 2  = 1  = 0, 1 m = 0
main sequence (Aerts & De Cat 2003). It is very powerful for low-degree modes (l ≤ 4)
in slow rotators (v sin i ≤ 50 km s−1). Another quantitative method was introduced by
Gies & Kullavanijaya (1988) and further developed by Kennelly & Walker (1996), Telting
& Schrijvers (1997), Mantegazza (2000) and Zima (2006). Applications are available in,
e.g., Telting et al. (1997) for the star β Cephei and in Zima et al. (2006) for the δ Sct star
FG Vir. Its strength is the relatively easy application to fast rotators (v sin i ≥ 50 km s−1)
with high-degree modes (l ≥ 4). Both methods were integrated in the software package
FAMIAS (Zima 2008). We refer to the review paper by Telting (2008, these proceed-
ings) for illustrations and more details on their use. Examples were presented during the
workshop by Pollard et al., Castanheira et al., Lehmann et al., Oreiro et al., Østensen et al.,
Vucˇkovic´ et al., Wright et al., Tkachenko et al., illustrating the need of, and interest in em-
pirical mode identification for asteroseismology of classical pulsators.
One of the problems that occurred in the past for empirical mode identification was
the inconsistency in the results derived from photometric observables (see review talk by
Handler 2008) and spectroscopy. Recent studies have shown, however, that fully consistent
solutions are found if one uses data from multisite multitechnique campaigns (e.g., De Rid-
der et al. 2004, Zima et al. 2006), pointing out that the previous discrepancies were probably
due to unresolved beating phenomena and/or too uncertain amplitudes. Zima et al. (2006)
succeeded to identify twelve modes for the δ Sct star FG Vir (Table 1).
Whenever modes are detected in both multicolour photometry and high-resolution spec-
troscopy, one can do better than simply compare the mode identification results by exploiting
the data simultaneously. Daszyn´ska-Daszkiewicz et al. (2005a) added the amplitude and
phase of the first moment to the multicolour amplitudes and phases in order to obtain a safer
mode identification for the β Cep stars δ Ceti and ν Eridani. For such an application, the data
should be taken quasi-simultaneously to avoid different beat patterns to occur in the two
types of data. Daszyn´ska-Daszkiewicz et al. (2005a) also derived information on the most
appropriate opacities to explain the modes. Mazumdar et al. (2006) and Briquet et al. (2007)
used a different integration of both types of data, by imposing the identified degree  from
photometric amplitude ratios into the spectroscopic mode identification, leading to secure
identification of the azimuthal order m. It is this combined method that led to successful
seismic modelling of the β Cep stars β CMa and θ Oph.
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Future improvements
The examples discussed above show how to pave the way to seismic modelling of classi-
cal pulsators: perform multisite and/or space photometric observations along with spec-
troscopic campaigns that cover the beat patterns of the oscillations. This is why a large
programme of spectroscopy has been set up to accompany the CoRoT space photometry
(e.g., Uytterhoeven et al. 2008).
Besides such long-term spectroscopic campaigns, one can gain from an integrated spec-
troscopic/interferometric approach. Cunha et al. (2007) provided a list of bright stars for
which a direct radius estimate with a relative precision better than a few % can be ob-
tained from VLTI/AMBER. Similarly, the masses of SB2 binaries with a pulsating component
can be derived with a precision of only a few % by combining interferometric and spec-
troscopic monitoring (e.g., Ausseloos et al. 2006). The future upgrades of VLTI should
also allow, in principle, the modes to be identified from spectro-interferometric data (e.g.,
Jankov et al. 2001). Finally, the Gaia space mission will deliver us accurate distances and,
by implication, luminosities and radii of a vast amount of pulsators too faint to be analysed
with VLTI.
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DISCUSSION
Kova´cs: What are expected photometric amplitudes for spectral line variables based on their observed
spectroscopic data?
Aerts: From the mode identification and velocity amplitudes derived from spectroscopy, we find typically
modes with degrees  > 2 and these would result in photometric amplitudes typically below 1 and
occasionally a few mmag. You can thus see them in a quite long photometric time series or not at all.
This is in agreement with time series assembled by the WIRE and MOST which reach lower amplitudes
than typical ground-based photometric campaigns.
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Abstract
In a large coordinated attempt to further our understanding of the p-mode pulsating sdB star
PG 1605+072, the Multi-Site Spectroscopic Telescope (MSST) collaboration has obtained
simultaneous time-resolved spectroscopic and photometric observations. The photometry was
extended by additional WET data which increased the time base. This contribution outlines
the analysis of the MSST photometric light curve, including the four-colour BUSCA data
from which chromatic amplitudes have been derived, as well as supplementary FUV spectra
and light curves from two different epochs. These results have the potential to complement
the interpretation of the published spectroscopic information.
Individual Objects: PG 1605+072
Multi-Site Spectroscopic Telescope for PG 1605+072
Introduction and MSST overview
PG 1605+072 is a pulsating subdwarf B star evolving off the EHB. Observationally, it may
be considered a sibling among sdBs of the even brighter star Balloon 090100001; both stars
are multiperiodic and pulsate each with the largest amplitude among the sdBs of ≈6% in
the strongest mode. Just as more recently for Balloon 090100001, the rich frequency spec-
trum has triggered extended photometric monitoring campaigns in the optical as well as the
gathering of time-resolved colour and spectral information. The resulting literature that has
been published, from the initial discoveries and campaigns all the way to the work in progress
on analysing the repeated coordinated observational efforts, is too numerous to be cited
comprehensively in this context.
The Multi-Site Spectroscopic Telescope (MSST) project in particular combined the follow-
ing observational ingredients in order to simultaneously sample PG 1605+072’s intensity and
radial velocity variations: white light and multicolour light curves; low-resolution time-resolved
spectroscopy (O’Toole et al. 2005, Tillich et al. 2007); and high-resolution time-resolved spec-
troscopy.
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This report primarily makes mention of the photometric analysis, and furthermore discusses
PG 1605+072 as observed with FUSE: light curves, radial velocities, and especially chromatic
amplitudes as presented by Stahn 2005 and Lutz 2007.
In the spirit of this workshop, the focus is on the variety of data sets available and how to
treat and potentially combine this data. For published results (in numbers) the relevant work
is referenced; here we note that the immediate aim of MSST is mode identification (l) to
complement future asteroseismic modelling. The changing power in the pulsation spectrum
of PG 1605+072 may make this difficult, but may also hold clues to the details of the driving
mechanism. The long-term motivation remains the clarification of the evolutionary status
and origin of PG 1605+072 as one representative of the subdwarf B stars.
MSST and WET optical light curve, Fourier transforms and frequency fitting
The optical light curve consists of a total of 96 individual data sets, combining white light
data from the MSST photometry and the WET Xcov22 campaign. The frequency solution
for the white light curve has been obtained in an iterative manner. First of all, overlapping
data sets were cross-correlated to check the timing and quality. On a trusted subset of the
data obtained by bootstrapping from the overlapping data sets, first a four-, later an eleven-
frequency model was constructed. The initial model was cross-correlated with all observations
to uncover and correct for remaining timing errors, improved using the provisionally corrected
full data set, and the procedure repeated with the second, more complex model. Finally, a
55-frequency model was fitted to the corrected data, using a non-linear least squares sine fit
as in the steps before.
The final light curve documents this procedure by providing, for each data point, the time
as raw truncated Julian Date, followed by the value of the barycentric correction, the time in
BJD, the value of the corrections derived from the cross correlation, and finally the corrected
time in BJD. This is followed by the modulation intensity with a mean value of zero, and an
observation ID unique to each of the 96 data sets.
Chromatic amplitudes
MSST: BUSCA multicolour light curve
Tremblay et al. 2006 have compiled and analysed the optical multicolour photometry available
for pulsating sdB stars at the time. This included the measurements by Falter et al. 2003
obtained in 2001 for PG1605+072. Figure 1 shows the five nights of multicolour photometry
obtained in 2002 with the BUSCA instrument at the Calar Alto 2.2m telescope. To construct
the overplotted model, the BUSCA colours were first collapsed into one ”white” light curve,
which was fitted with a reduced set of frequencies from the simultaneous, more extended
white light MSST photometry. The reduction of the number of frequencies was done by
merging close frequencies, not resolved in the BUSCA data subset, assuming they belong
to the same l. This may not be correct; if so, the chromatic amplitudes derived for these
merged frequencies will be meaningless. Chromatic amplitudes were obtained by fixing the
30 frequencies fitted to the BUSCA ”white” light curve and re-determining amplitudes and
phases on the individual uv, b, r, and nir light curves. The result for the twelve strongest
frequencies is shown in Fig. 2. In a plot where the chromatic amplitudes are normalised to
the uv amplitude (not shown), the curves roughly fall into three groups with different slopes,
indicative of the expected grouping according to common l values.
FUSE far-UV light curve
As shown by Fontaine & Chayer 2006, far-UV light curves for PG 1605+072 may be obtained
by collapsing FUSE spectra extracted in bins from time-tagged data producing a time series.
S. Schuh, S. Dreizler, U. Heber, et. al 37
Figure 1: Five nights of multicolour photometry obtained in 2002 with the BUSCA instrument attached
to the Calar Alto 2.2m telescope. The data points in the top four curves correspond (in descending order)
to the unfiltered uv, b, r, nir light curves of May 14, followed by the data sets corresponding to May 18,
19, 20, and 21. A continuous model light curve containing 30 frequencies is overplotted.
If the collapsing process is applied to a subset of wavelength bins, chromatic amplitudes
for the far-UV spectral range can be determined from the resulting individual intensity time
series. This has been done by Stahn 2005 for the 07/2001 data (see also Lutz 2007 for
the 04/2004 data). Again, a smaller subset of merged frequencies was used when deriving
the chromatic amplitudes, with close frequencies not resolved in the FUSE Fourier spectrum
merged together. The observed wavelength dependency of the pulsation amplitudes was
compared to model predictions, but did not allow a reliable mode identification.
Radial velocities and spectroscopic parameters
FUSE radial velocities
The time series of uncollapsed FUSE spectra can be subjected to a cross-correlation analysis
which yields pulsational radial velocities. The 07/2001 radial velocity curve has been analysed
by Stahn 2005 in a similar way to the analysis done on the FUV intensity. In a direct
comparison of the full curves, Stahn 2005 finds that the light to radial velocity phase shift
amounts to π/3, a result which differs from that published by Kuassivi et al. 2005 who find
π/2. When the comparison is done for individual frequencies, Stahn 2005 notices that the π/3
phase shift basically reflects the value corresponding to the strongest frequency, and derives
differing values for two further frequencies. These results are indicative of a non-adiabatic
pulsational behaviour of PG1605+072.
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Figure 2: Left panel: Chromatic amplitudes derived from the 2002 BUSCA data shown in Fig. 1 for the
twelve strongest frequencies in the model light curves. The error bars correspond roughly to the symbol
size; beyond the 12th strongest frequency, error bars are larger than the measurable slope. Right panel: A
quality check of the fit is obtained by inspecting the stability of the phase (free parameter; arbitrary zero
point).
Optical radial velocities and spectroscopic parameters
O’Toole et al. 2005 derived the radial velocity variation from MSST low-resolution spec-
tra. These results were used by Tillich et al. 2007 to produce RV-corrected, phase-resolved
summed spectra for the strongest pulsation frequencies from the same optical spectroscopy.
From these the variation in effective temperature and surface gravity corresponding to the
individual pulsations could be determined. Phase relations were obtained for the photospheric
parameters radial velocity versus log g and radial velocity versus temperature variation. As
expected from geometrical considerations, the radial velocity versus log g variation results in a
shift of π/2. The shift in radial velocity versus temperature variation of π/3 is fully consistent
with the FUSE results if the intensity variation is assumed to be primarily due to changes
in the effective temperature. Again, this points to the presence of non-adiabatic pulsational
behaviour.
Challenges
To fully exploit the available observations briefly presented above, the following exercises
remain to be carried out on the data. First, an in-depth analysis of the white light curve
should be able to discriminate from the behaviour of phases if either genuine amplitude
variations or instead unresolved modes are seen. This will also be of relevance for justifying
the merging of frequencies when determining chromatic amplitudes; here the 2002 BUSCA
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optical chromatic amplitude results need still to be compared to Falter et al. 2003 (2001
data). The same argument holds for the analysis of the short FUSE data sets that do not
fully resolve the pulsation spectrum; some improvement can be expected when adding in
the second (2004) FUSE data set. The challenge will then be to bring together the non-
simultaneous optical and FUV chromatic amplitudes; the latter can in principle provide a
very significant lever.
The next interesting step will be to bring together the optical light curves and the spec-
troscopy: will the same phase lags as found in the FUV, and similarly indicated by the
variation in the spectroscopic parameters, be directly evident there? It also remains to be
seen if the overall line profile variations will be matched by modelling attempts. Finally, it will
be interesting to find out if the mode identification with these methods continues to remain
a fundamental challenge despite the encouraging intermediate results.
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Radial-velocity observations of pulsating stars with
a new Poznan´ Spectroscopic Telescope
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Adam Mickiewicz University, Poland
Abstract
We present results of radial velocity measurements of classical cepheids, δ Scuti and β Cephei
stars. The spectra were obtained with Poznan Spectroscopic Telescope (PST). The telescope
has been operating since August 2007. The PST is equipped with two 40cm diameter mirrors
of Newtonian focus, connected by an optic fiber with an echelle spectrograph. The PSTs
design aimed at the best cooperation with the spectrograph as well as limiting light looses.
It allows us to measure radial velocity of stars as faint as 11.5 magnitudes. The peltier-liquid
cooled CCD camera covers 64 echelle orders with spectral range from 4480 to 9250A˚. The
dispersion of the obtained radial velocity measurements is on the level of 150 m/s. Echelle
spectra reduction and RV measu- rements are performed with Image Reduction and Analysis
Facility (IRAF). We have achived sufficient phase coverage for 28 And, γ Peg, Polaris and
V440 Per. Further data acquirement for other pulsating stars is currently held.
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Abstract
The Optical Gravitational Lensing Experiment (OGLE) regularly observes about 200 million
stars in the Magellanic Clouds and Galactic bulge searching for gravitational microlensing
events. Since 2001, when the third phase of the OGLE survey started, about 1011 individual
high precision photometric points have been collected. This huge database provides us with
the ideal material for selecting and studying hundreds of thousands of variable stars, which
will be the basis of the OGLE-III Catalog of Variable Stars. Here, we report preliminary
results of this analysis, describing the samples of classical Cepheids and other pulsating stars
detected in the Large Magellanic Cloud. We also describe the plans for future expansion of
the OGLE project.
Individual Objects: Magellanic Clouds
Introduction
The Optical Gravitational Lensing Experiment is a long-term sky survey with the main goal
of searching for gravitational microlensing events. Every clear night about 100 images of
the most crowded parts of the sky are collected with the Warsaw Telescope located at Las
Campanas Observatory, Chile (operated by Carnegie Institution of Washington). Inspired by
the Paczyn´ski (1986) idea, OGLE started its operation in 1992. In the same year, two other
large photometric surveys – MACHO (Alcock et al. 1993) and EROS (Aubourg et al. 1993)
– began their operations.
Historically, the OGLE survey can be divided into three phases. The first phase lasted from
1992 to 1995 and was conducted with the 1-m Swope Telescope at Las Campanas Observatory.
This part of the project contributed in several thousands of newly discovered variable stars
in the Galactic bulge, globular clusters and dwarf galaxies. The second stage of the project
began in January 1997 when 1.3-m Warsaw Telescope at Las Campanas Observatory started
its operation. The OGLE-II project, together with other microlensing surveys, revolutionized
the studies of variable stars. Hundred of thousands of variables have been discovered in the
Magellanic Clouds and Galactic bulge. In 2001, the Warsaw Telescope was equipped with the
8192× 8192 pixel mosaic CCD camera, increasing the observing capabilities of the project by
a factor of ten. Since that time, the third phase of the project is conducted (OGLE-III).
The OGLE-III photometry constitutes a unique data set covering the Magellanic Clouds,
Galactic bulge and Galactic disk fields monitored regularly every clear night since 2001. The
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project collected a database of 200 million light curves spanning 7 years. With the earlier
OGLE-II photometry some of the observed fields have now 12-year long photometric coverage.
This huge database is an ideal material for selection and analysis of variables stars. Here we
describe the first results of our ongoing project of preparation of the OGLE-III Catalog of
Variable Stars (OIII-CVS).
The OGLE-III Catalog of Variable Stars
We plan to catalog all variable sources in the OGLE-III photometric database. All objects will
be classified and cross-identified with previously known stars of the given type. Various meth-
ods will be applied to identify variable stars: variability searching in the images subtracted
with the Difference Image Analysis (Alard and Lupton 1998, Woz´niak 2000), searching for
enormously scattered light curves, derivation of periods for all stars in our database, autom-
atized analysis of light curve shapes. However, all methods of the variability selection and
classification will be controlled by a human – the final decision about including a star in the
particular group of variables will be done after careful visual inspection of the light curve.
The first part of the OIII-CVS has already been published (Soszyn´ski et al. 2008b). It
presents classical Cepheids in the LMC. In total, 3361 such objects were identified, which is
the largest sample of classical Cepheids found not only in the LMC, but also in any other
environment. About 1000 objects are identified for the first time. The large sample probes
uncommon pulsation modes. The catalog includes the enormous number of 266 double-
mode Cepheids, which is a few times larger sample than any other known before. Among
these objects there are two Cepheids of a new type – with the first and the third overtones
simultaneously excited (Soszyn´ski et al. 2008a).
Three new triple-mode Cepheids were identified (Soszyn´ski et al. 2008a), what increased
the number of known objects of that type to five. Such stars are particularly interesting, be-
cause three periods associated with the radial pulsations strictly constrain stellar parameters.
It is worth noting that our preliminary analysis of these stars did not confirm the theoretical
prediction that triple-mode Cepheids with the three lowest overtones excited are on the first
crossing of the instability strip (Moskalik & Dziembowski 2005). We measured no secular
changes of periods at all, or the rates of period changes had opposite sign than expected
from the theoretical models. The conclusion from this analysis is ambiguous. Derived ratios
of period changes cannot be explained by the evolutionary models. It seems that there is
other than evolutionary mechanism causing changes of periods in Cepheids.
The search for multi-modal Cepheids resulted in the detection of considerable number
of Cepheids with the secondary periods very close to the primary ones. Such a behavior is
often connected with changes of amplitudes of pulsations, sometimes very prominent. We
also found about 30 double-periodic Cepheids with the period ratios between 0.60 and 0.63
and the longer period (always related to the first overtone mode) in the range 1.7–2.6 days.
These objects seem to follow two parallel sequences in the Petersen diagram. The origin of
these secondary variations is unknown.
Our analysis also revealed a sample of 14 firm candidates for single-mode second-overtone
Cepheids in the LMC. This is a very homogeneous group of stars with nearly sinusoidal
light curves, small amplitudes and colors placing them in the blue edge of the instability strip.
These objects follow the period–luminosity law located above the relation for the first-overtone
Cepheids.
Large samples of particular type of stars are not only a source of uncommon cases, but also
allow to study global properties of these objects. Sometimes interesting features of variable
stars become visible when hundreds or thousands of such objects are studied simultaneously.
For example, we noticed a new feature in our group of Cepheids pulsating in the first overtone.
For stars with periods of about 0.35 days the amplitude ratio R21 has the local minimum,
while the phase difference φ21 is close to zero. In analogy to similar behavior at P ≈ 3 days for
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Figure 1: Period–luminosity diagram for pulsating stars in the LMC. Different points show classical
Cepheids, type II Cepheids (including RV Tau stars), anomalous Cepheids, RR Lyr stars from the LMC
and Galaxy, and HADS.
first-overtone Cepheids, and at P ≈ 10 days for fundamental-mode Cepheids, we interpret this
new feature as a signature of an internal resonance between two radial modes. A preliminary
analysis (Dziembowski, private communication) shows that the sharp feature for 0.35 days is
caused by a presence of 2:1 resonance between the first and fifth overtones.
During the selection process we found not only classical Cepheids, but also a large number
of other pulsating variables crossing the classical instability strip: type II Cepheids, anoma-
lous Cepheids, Galactic and LMC RR Lyr stars and High Amplitude δ Sct stars (HADS).
Distinguishing between all these classes of pulsating variables is a rather difficult task. For
the first approach, we relied on the position of star in the period–luminosity diagram (Fig. 1).
However, the OGLE fields are usually very crowded, and many stars are strongly blended with
other objects, what increases the apparent luminosity of stars.
Thus, the final classification was performed using the shapes of the light curves of the
stars. In Fig. 2 we show several light curves of various types. Each column contains stars with
similar periods. One can notice the different shapes of the light curves in different types of
variables. Using this method we found a group of peculiar W Vir stars (the example labeled
“?” in Fig. 2) with different light curves, somewhat different colors and located slightly above
typical W Vir stars in the log P–I-band diagram.
Pulsating stars are an excellent tool to study the inner structure of the galaxies. Fig. 3
shows the spatial distribution of classical Cepheids (upper panel) and RR Lyr stars (lower
panel) in the LMC. The candidates for RR Lyr stars were selected automatically using their
luminosities and Fourier parameters. One can easily notice the difference in distribution of
the two types of variables.
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Figure 2: Phased light curves of various pulsating stars in the LMC. Left column shows stars with periods
of about 0.5 days, middle column – about 1.55 days, and right column – about 8.7 days. Types of variables
and modes of pulsations are provided in the panels.
Summary and Future Plans
OGLE produced a wealth of stellar photometry in the most crowded parts of the sky what
will be a baseline of a new catalog of variable stars. The huge number of variables expected
in the OIII-CVS will be ideal material for both statistical analysis and the search for unique
objects. The homogeneous OGLE photometry allows us to perform comparative studies
between various types of variable stars in the Galaxy, LMC and SMC.
In 2009, the Warsaw Telescope will be upgraded again. The eight-chip mosaic CCD camera
will be replaced by the new generation camera consisting of 32 chips. Such an instrument
will practically entirely fill the field of view of the Warsaw Telescope increasing the observing
capabilities of the OGLE project by another order of magnitude.
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Figure 3: Spatial distribution of classical Cepheids (upper panel) and RR Lyr stars (lower panel) in the
LMC. The picture of the LMC is originated in the ASAS project.
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DISCUSSION
von der Lu¨he: How often is a particular field revisited? What is a typical cadence?
Soszyn´ski: In the Magellanic Clouds, we observe a particular field once per night. In the Galactic Bulge
the selected fields are monitored a few times per night.
Kova´cs: Did you reach the white noise level in your analysis? At what level the systematics were filtered
out by your reduction pipeline?
Soszyn´ski: We have not filtered out photometry for systematic effects. The OGLE III data are very
stable. However, the filtering can, of course, increase the accuracy of detailed analyses.
Schwarzenberg-Czerny: What kind of compression are you using?
Soszyn´ski: We use the RISE compression, decreasing the size of the FITS file by factor two.
Castanheira: What is the integration plus readout time of the observations?
Soszyn´ski: The integration time is 180s and the readout time is 120s. The readout time will be down to
few seconds for OGLE IV.
Kepler: What is the magnitude limit of the OGLE III data?
Soszyn´ski: The magnitude limit for the selection of variable stars is about 20.5 mag in the I band.
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Abstract
The spectroscopic binary Herbig Ae star RS Cha was monitored in quasi-continuous observa-
tions during 14 observing nights (2006) at the 1m Mt John telescope (New Zeeland) with
the Hercules high-resolution echelle spectrograph. For the first time, we discovered by di-
rect observational means non-radial oscillations in a binary Herbig Ae star using high echelle




Asteroseismology represents a modern tool for studying the stellar interiors of the enigmatic
group of pre-main sequence (PMS) stars of intermediate mass (2-8 M

), the so-called Her-
big Ae/Be stars (Herbig 1960). Since their first systematic classification in 1960, this group
of young stars has been studied extensively, but one of the major questions remains unan-
swered: how can the intense stellar activity and strong stellar winds (e.g., Catala et al. 1986;
Bo¨hm &Catala 1995), as well as the many highly variable emission lines observed in the
spectra of these stars be explained?
Magnetism is frequently invoked as being responsible for active stellar phenomena. The
position of the Herbig stars in the HR diagram indicates that a classical magnetic dymano
mecanism cannot be at work in these stars. Recent spectropolarimetric observations of Herbig
stars indicate the presence of significant large-scale magnetic fields only in a small less than
10% fraction of them (Wade et al. 2007). A magnetic origin of the activity seems unlikely as
of today. It is therefore of major importance to investigate possible other external or internal
origins of this tremendous amount of dissipated energy.
The only way of studying the internal stellar structure in detail is the analysis and the
modelling of stellar pulsations, if observed. For several decades, the existence of pulsating
intermediate mass PMS stars has been known (Breger 1972; Donati et al. 1997). This obser-
vational result motivated Marconi & Palla (1998) to investigate the pulsation characteristics
of HR5999 theoretically, which enabled them to predict the existence of a pre-main-sequence
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instability strip, which is crossed by most of the intermediate-mass PMS objects for a signif-
icant fraction of their evolution to the main sequence. This strip covers approximately the
same area in the HR diagram as the δ Scuti variables (see also Zwintz 2008). As of today,
more than 30 intermediate-mass PMS stars have revealed to be pulsating at timescales typ-
ical of δ Scuti stars (e.g., Ripepi & Marconi 2003; Zwintz & Weiss 2003; Catala 2003 and
references therein).
RS Chamaeleontis is a bright spectroscopic eclipsing binary star. Both components are
Herbig Ae PMS stars of similar mass (close to 1.9 M

). Andersen (1975) already reported
small amplitude radial velocity variations on top of the binary radial velocity curve for both
components of RS Cha, suggesting the possible presence of stellar pulsations. Photometric
observations by McInally & Austin (1977) revealed short-term variations in at least one of
the two components, possibly linked to stellar pulsations. Very recently, Alecian et al. (2005)
reported radial velocity variations in the residual velocity frame (with respect to the orbital
velocity) with amplitudes up to a few km s−1and periods of the order of 1h, indicative of
δ Scuti type pulsations. The pre-main sequence spectroscopic eclipsing binary RS Cha has
been studied extensively throughout the last years. Due to its eclipsing nature and the known
inclination angle, the system has been fully calibrated (Alecian et al. 2005, 2007a,b).
The aim of our study of the two components of RS Cha is to provide a first set of
asteroseismic constraints for forthcoming non-radial pulsation models by determining unam-
biguously a higher number of periodicities and identifying, in a second step, the corresponding
pulsation modes with their respective degree  and azimutal number m. To achieve this goal,
we decided to perform high resolution spectroscopic observations on a large time basis and
with optimized time coverage.
Observations
The analysis presented in this paper is based on a 14 nights observing run in January 2006
(9th-22nd) at the 1m Mt John telescope (NZ) equipped with the Hercules echelle spectro-
graph. We obtained quasi-continuous single-site observations of the target star during these
two weeks and obtained a total of 255 individual stellar echelle spectra, each spectrum having
an individual exposure time of 10min. The star was observed in high resolution spectroscopy
at R ≈ 45000 and covering the wavelength area from 457 to 704 nm, spread over 44 orders.
The dector was a 1kx1k Site CCD. The highest S/N (pixel−1) values we obtained reached
210 on Jan 16th, corresponding to almost 300 per resolved element (2 pixels); typical values
of S/N (pixel−1) ranged around 80-150 in this run.
Most of the data reduction was carried out following standard reduction procedures using
the “ESPRIT” spectroscopic data reduction package (Donati et al. 1997). Details of the
subsequent data reduction procedure can be read in Bo¨hm et al. (2008). The intrinsic
wavelength calibration accuracy achieved with the “ESPRIT” 2D-polynomial fit procedure is
better than 0.22 pm mean rms (i.e. 2.2mA˚, corresponding to 120 ms−1 at 5500 A˚) for the
Hercules data set. The next step of the data reduction was to calculate for all 255 stellar
spectra photospheric LSD-profiles, using a mask corresponding to the spectral type A7 and
containing only photospheric lines. The equivalent photospheric profile improves eventually
through multiplex information of 1930 individual photospheric lines, most of them being very
weak lines. Typically, a spectrum of RS Cha with S/N = 150 (pixel−1) at 5500 A˚ yields
a S/N value of 1400 per velocity step in the resulting LSD profile. The finally achieved
precision in radial velocity improves due to the multiplex information and is better than
50 ms−1 for each individual stellar LSD profile of this data set. The spectroscopic binary
LSD profile was then fitted with a double rotational profile with an IDL procedure and yielded
for all cases, except the fully merged profiles, precise heliocentric radial velocities of the two
components. The parameters of the binary orbit were determined. More details can be read
in Bo¨hm et al. (2008).
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Figure 1: Line profile variations due to the oscillations of RS Cha. As an example, the deviations from the
mean intensity are displayed for the night of Jan 12th 2006 (left figure: Primary component; right figure:
Secondary component.). The dashed vertical lines represent the borders of the profiles at the respective
± vsini. Color coding in Figs. 1 represents a dynamical range of about 0.5% of the continuum.
Figure 2: Weighted sum of the individual Fourier 2D amplitude spectra based on all exploitable time series
during the 14 nights run; (left figure: Primary component; right figure: Secondary component). Apparent
|m| scales as  -2 for values close to zero, and as  -1 for values lower than 10.
50 Discovery of non-radial pulsations in the spectroscopic binary Herbig Ae star RS Cha
Table 1: Frequency search and mode identification. Summary of the main results for the two dominant
frequencies of each component.
Primary component
d−1 Identification FPF Identification F2D
f1 21.12 ‘high degree prograde”  = 5 or 6
f2 30.38  =0 ?
Secondary component
d−1 Identification FPF Identification F2D
f1 20.11  = 0 or 1, m = 0  = 0,1 or 2
f2 12.81  = 2, m= 1 or 2  = 2
Detection of non-radial pulsations in both components
Finally, we extracted the two binary components of each LSD profile along its individual
orbital radial velocity in order to obtain two files with centered dynamical spectra revealing
only the intrinsic stellar profile variations. As an example, Fig. 1 reveals the deviations from
the mean (rotational) profile for the night of Jan 12th, for the primary and for the secondary
component. It can be clearly seen that bumps move through the line profile in a quite complex
manner. The time-dependent pattern of the residual profile of the Primary reveals a diagonal
trend of the bump movement (bottom left to up-right). These features are due to several
high-degree non-radial pulsation modes. The dynamical residual profile of the Secondary
shows a chess-board pattern. This represents a first direct detection of non-radial pulsations
in Herbig Ae stars by spectroscopic means.
Search for frequencies and mode identification
We applied the same methodology in the analysis of both components. A detailed description
can be found in Bo¨hm et al. (2008). The search for periodicities was carried out by using
Discrete Fourier Transformation (DFT) and least-squares fitting (LSF), a method which fits
a sum of sinusoidals to the variations. For the analysis, we used two different software
packages: Period04 (Lenz & Breger 2005) for the one-dimensional time-series and FAMIAS
(Zima 2007) for the two-dimensional analysis of the variations across the line profile, as well
as a complementary IDL-based Fourier 2D analysis tool (for the method see Kennelly 1994).
The graphical result of the Fourier 2D method is shown in Fig. 2. Table 1 summarizes the
main results for the two dominant pulsation modes of each component.
Conclusions
For the first time, we detected by direct spectroscopic means non-radial pulsations in both
components of a binary Herbig Ae star. A first identification by two complementary methods
revealed very different main pulsation modes for the two components: while the dominant
mode of the primary component seems to be a high degree prograde mode with  = 5 or
6, the dominant mode of the secondary component is identified as a low degree mode with
 = 0,1 or 2. Next steps require a precise redetermination of the fundamental parameters
and a search for the intrinsic rotation periods of both components. Since first frequencies are
known and their associated modes are constraint by the present work we are going to develop
a numerical model in order to constrain de internal structure of both components.
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Abstract
The mysterious amplitude and phase modulation observed in many RR Lyrae stars has puzzled
astronomers for more than a century. Most commonly quoted hypotheses to explain the
phenomenon involve nonradial modes, through either resonances or magnetic fields. However,
their reality is still being questioned. Maybe an unknown physical mechanism in the star causes
the main radial mode to change its properties over time while no nonradial pulsation modes
are involved.
Changing Blazhko periods challenge the existing models for the Blazhko effect. Because of
its ability to describe a quasi-periodic time series in a simple way, we used the VSAA (Variable
Sine Algorithmic Analysis, Tsantilas & Rovithis-Livaniou 2008) in a first and elementary
application to monitor the changing Blazhko period of RR Lyr. Assuming modulation of a
single pulsation frequency, we applied the VSAA to an extensive data set of RR Lyr, one
of the best studied Blazhko stars. The results show how the amplitude and period of the
modulation have changed over the past decades.
Individual Objects: RRLyr
The models for the Blazhko effect and their problems
Over the past few years high-quality time series data of modulated RR Lyrae stars have re-
vealed many facts that still need an explanation. Besides a few to-be-elaborated scenarios such
as the one proposed by Stothers (2006), the usually quoted hypotheses require the presence
of nonradial modes in the star: the resonance models (e.g., Dziembowski & Mizerski 2004)
and the magnetic models (e.g., Shibahashi 2000). Each of the models in their present form
favors a different type - more specifically: a different degree  - of nonradial mode. However,
stating that the resonance model ”comes with”  = 1 modes and the magnetic model with
 = 2 modes would be far too simplistic. The currently proposed models for the Blazhko
effect need to be revisited, and alternative models such as Stothers’ (2006) scenario may also
help to make the turn out of an impasse.
Fourier spectra
For Blazhko stars, classical Fourier techniques result in a frequency spectrum containing a
multitude of frequency peaks and side peaks (see Figure 1). The main frequency and its
harmonics are easily identifiable. The side peaks, generally equally-spaced triplet structures
centered around the main frequency and its harmonics, are also clearly detected. Several
authors have attributed the side peaks near the main frequency f0 to the occurrence of at
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Figure 1: Frequency spectrum resulting from the latest RR Lyr photometric campaign.
least one nonradial mode in the star. No radial mode would have a frequency so close to f0.
The often observed unequal amplitudes in the triplet structures cannot be described in the
extent observed by the models.
It was recently shown by Hurta et al. (2008) that the variations of the star RV UMa can
be described by a quintuplet solution rather than a triplet. Also Kolenberg et al. (2008a)
find evidence for quintuplet frequencies in data of the southern Blazhko star SS For. With
the increasing quality of data sets on Blazhko stars and the advent of high-quality quasi-
uninterrupted satellite data, we may expect to detect many more quintuplet (generally: mul-
tiplet) structures in data of Blazhko stars in the near future.
Changing Blazhko periods
Changing Blazhko periods represent an additional challenge to the currently pro-
posed hypotheses for the Blazhko effect. Several Blazhko stars are known to have
shown changes in their Blazhko period (e.g. XZ Cyg - see LaCluyze´ et al. 2004;
RR Lyr - see Kolenberg et al. 2006). RR Lyr is one of the best studied Blazhko stars and
over the past decades gradually decreasing values of its modulation period have been re-
ported: from 40.8 days (Fringant 1961; Szeidl 1988), over 39-40 days (Belserene 1999;
Smith et al. 2003) to values below 39 days (Kolenberg et al. 2006; Kolenberg et al. 2008b).
A way to analyze the changing periods in Blazhko stars
The Blazhko frequency itself can be observed in time series data when the quality and time
coverage of the set is sufficient. Jurcsik et al. (2006) pointed out its discrepant behaviour.
If observed (with small amplitude) in the frequency spectrum of a Blazhko star, the colour
behaviour of the Blazhko frequency differs from that of the main frequency, its harmonics
and the adjacent sidepeaks. The side lobe frequencies in the triplets seem to share the same
colour behaviour as the main frequency and its harmonic.
This observation supports the hypothesis of a single mechanism, acting on the time scale
of the Blazhko frequency, causing the Blazhko effect. From our observations it seems that
this time scale may also vary.
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Figure 2: Blazhko period changes in RR Lyr between 1958 and 1980 determined with the VSAA.
The Variable Sine Algorithmic Analysis (Tsantillas & Rovithis-Livaniou 2008) provides a
tool that can easily be applied to times and amplitudes of maximum light of the Blazhko
effect.
Szeidl et al. (1997) compiled half a century of photometric data gathered at Konkoly
observatory between 1943 and 1993. For a uniform subset of the data, gathered between
1958 and 1980, we selected the maxima in order to investigate the changes in the strength
(amplitude) and duration (period) of the Blazhko cycle. The results of the VSAA (Figure 2)
show a long-term decrease of the Blazhko period with possibly small periods of increase.
Started from a value close to 41 days, the Blazhko period has decreased to below 39 days
over the past few decades. From our analysis the Blazhko amplitude seems to oscillate around
a constant value.
We also applied the VSAA to two recent data sets of RR Lyr, gathered in 2003-2004 and
in 2006-2007. The frequency spectrum obtained through Fourier analysis for the latter one
is shown in Figure 1. Note that in our Fourier analysis the Blazhko frequency fB obtained
a fixed value. When applying the VSAA to the set of obtained maxima of our data set, we
find evidence of a changing Blazhko period, even during our observing run (see Figure 4,
Tsantillas & Rovithis-Livaniou 2008).
The results obtained with the VSAA also confirm our observations of a shorten-
ing Blazhko period for RR Lyrae obtained using Fourier techniques (see also poster
by Kolenberg et al. 2008b).
Discussion
As a first application, we applied the VSAA in an elementary way to trace the changes of
the Blazhko period.
In a future application, we will extend the technique to be applied to non-sinusoidal light
variations such as observed in RR Lyrae stars. This will allow us to trace the frequency and
amplitude variations of the main pulsation mode. In such an application, both the main
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frequency and the amplitudes of both this frequency and its harmonics are traced in their
variations over the Blazhko cycle. The difference with the analysis of Fourier parameters as
presented by Jurcsik et al. (2005) and Kolenberg et al. (2006) is that in the VSAA we allow
the period itself to change over the Blazhko cycle. This is equivalent to changes in the phase
when keeping the period constant.
If structural changes happen in the star over the Blazhko cycle, it is possible that the
mean temperature, luminosity and radius of the star show a variation over the Blazhko cycle.
Hence, allowing a variable pulsation period over the Blazhko cycle in the analysis may offer an
interesting alternative to the classical Fourier technique when analyzing Blazhko time series
data.
What physical mechanism causes the change in Blazhko period and amplitude, and the
variation in pulsation period and amplitude, i.e., what causes the Blazhko effect altogether,
is a question that will hopefully be answered in the near future.
Acknowledgments. Part of this research has been supported by the Austrian Fonds zur
Fo¨rderung der wissenschaftlichen Forschung, project numbers T359 and P19962.
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DISCUSSION
Kova´cs: I agree with you that the major problem in the current models of the Blazhko effect is of finding
an explanation for the widely observed asymmetric modulation side lobe components. In comparison, the
model preference based on triplet vs. quintuplet interpretation is of secondary importance.
Kolenberg: Indeed, none of the presently proposed models manages to explain the side peak
asymmetry in the degree it is observed. Both in the resonance model and in the magnetic model there are
attempts to reproduce the asymmetry of the side peaks. But in reality we often see even more pronounced
asymmetry.
Kova´cs: I feel a major problem (or misunderstanding) with Stothers’ idea for explaining the Blazhko
effect. The major ingredient of his idea is based on the asymptotic period change (linear vs. nonlinear)
in nonlinear hydrodynamic simulations. Currently available results (see the works of Buchler, Szabo &
Kollath) show that this change is always positive, leading to (slight) period increase. In addition, these
changes occur on very large time scales (thousand pulsational cycles, depending on model initialization),
whereas there are Blazhko stars with modulation periods under 10 days.
Kolenberg: Thanks for this valuable comment. As you say, the Stothers’ scenario also does not fully
explain the observations. In general, I encourage the exploration of alternative paths (including those that
do not require the existence of nonradial modes) in trying to solve the Blazhko puzzle.
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Abstract
Statistical analyses of several δ Scuti stars (FG Vir, 44 Tau, BL Cam and others) show that
the photometrically observed frequencies cluster around the frequencies of the radial modes
over many radial orders. The observed regularities can be partly explained by modes trapped
in the stellar envelope. This mode selection mechanism was already proposed by Dziembowski
& Kro´likowska (1990) and was shown to be efficient for  = 1 modes. New pulsation model
calculations confirm the observed regularities.
We present the s-f diagram, which compares the average separation of the radial frequen-
cies (s) with the frequency of the lowest unstable radial mode (f). The diagram provides
an estimate for the log g value of the observed star, if we assume that the centers of the
observed frequency clusters correspond to the radial mode frequencies. This assumption is
confirmed by examples of well-studied δ Scuti variables in which radial modes were definitely
identified.
Individual Objects: FG Vir, 44Tau, BL Cam
Introduction
Recent observational campaigns carried out with earth-based telescopes or space missions
concentrating on selected stars have revealed a rich spectrum of radial and nonradial modes
covering a wide range in frequencies. This range in frequencies varies from star to star and
depends on a variety of factors, not all of which are understood. The question of which
modes are selected by the star is not solved at the present time.
The question arises of whether the mixture of the excited radial and nonradial modes shows
frequencies which are essentially randomly distributed over the range of unstable frequencies
or whether they tend to form groups. An example of the latter is the regular spacing found
in high-order nonradial pulsation (the asymptotic case), as detected in the Sun and white
dwarfs. The δ Scuti stars, on the other hand, pulsate with low-order p (and g) modes. Here
we examine the frequency distribution of mostly nonradial modes in a number of well-observed
δ Scuti stars in order to search for regularities.
Regularities in the frequency distribution
The detection of the complex mixture of excited nonradial and (a few) radial modes observed
in δ Scuti stars requires extensive photometric studies. Sufficient information for meaningful
statistical analyses concerning regularities in the frequency spacings is only available for a few
stars. We find that three well-studied stars show pronounced regularities:
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(i) FG Vir is probably the best δ Scuti star to examine systematics in the pulsation frequen-
cies. More than 75 frequencies of pulsation are known (Breger et al. 2005). The frequency
resolution is excellent so that combination frequencies and harmonics can be eliminated; this
leaves 68 independent frequencies covering a wide range from 5.7 to 44 cd−1. The regions
with most frequencies are around 12, 23 and 34 cd−1, but the data contain considerably more
information than a spacing of 11 cd−1, which corresponds to three radial orders. A statistical
analysis shows a pronounced regularity with a spacing of 3.7 cd−1, which corresponds to the
average spacing of consecutive radial orders for these mainly nonradial modes.
(ii) Extensive campaigns of 44 Tau covering five observing seasons have led to the detection
of 49 frequencies (Breger & Lenz 2008). As already found in FG Vir, the frequencies of 44Tau
also show a regularity with a preferred spacing of one radial order.
(iii) The star BL Cam (Rodr´ıguez et al. 2007). While the two stars listed above are small-
amplitude δ Scuti variables, BL Cam is a high-amplitude, extremely metal-deficient variable
(also known as HADS, SX Phe-type). Rodr´ıguez et al. (2007) identified 25 frequencies, of
which 22 represent independent modes. The study is remarkable because of the difficulty
of detecting such a large number of small-amplitude nonradial modes in the presence of a
dominant radial fundamental mode of high amplitude. The authors note that the frequencies
of the nonradial modes cluster in groups near 25, 32, 46, 51–53, and 72–80 cd−1. This
implies separations similar to the separation of adjacent radial orders.
Frequencies of nonradial modes near those of radial modes
In the previous section, we have shown that in a number of well-studied δ Scuti stars, the
frequencies of the nonradial modes are not distributed at random but show a preferred spacing
corresponding to that of the radial modes. We wish to emphasize that this is only a preferred
spacing and that other spacings do (and should) occur. The question arises of where in
the frequency spectrum these concentrations of nonradial modes occur, e.g., possibly halfway
between radial modes of successive radial orders, as would be expected in the asymptotic case
for the  = 1 modes. For the three stars, at least one radial mode has been identified in each
star. We have computed the frequencies of the other radial modes from the known properties
of the stars. The same codes as described in Lenz et al. (2008) were used. Knowing the
radial frequencies, it was possible to compute the frequency difference of each observed mode
to the nearby radial modes.
The histograms of the frequency differences are shown for the three stars in Fig. 1. The
results are striking: The frequencies of the photometrically detected nonradial modes are not
distributed at random but tend to cluster around those of the radial modes. These nonradial
modes are mostly  = 1 and 2 modes, but in the case of FG Vir they may also be the
small-amplitude  = 3 and 4 modes.
Three additional δ Scuti stars (XX Pyx, BI CMi and  Cep) with 20+ known frequencies
(i.e., borderline statistics) were also examined. They are less ideal for the study because
of close-binary nature or uncertain physical parameters. The stars show the radial-spacing
regularities, but less pronounced than the three stars examined in the previous section.
We conclude that in δ Scuti stars, the detected nonradial modes tend to cluster around the
radial modes. This effect has previously been predicted: Dziembowski & Kro´likowska (1990)
examined mode trapping in the stellare envelope as a mechanism for mode selection in δ Scuti
stars. They show that some modes of  = 1 are trapped in the envelope and, therefore, are
less coupled to g modes in the deep interior. They have a higher probability to be excited
to observable amplitudes than other modes. Trapped modes are nonradial counterparts of
the acoustic radial modes and at low spherical harmonic degrees their frequencies are close
to those of the radial modes. Mode trapping is not effective for  = 2 modes. However,
the observations show that even modes identified with  = 2 are located close to the radial
modes. This means that an additional mode selection might exist.
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Figure 1: Histogram of the frequency distances of individual modes to the frequency of the nearest radial
mode. The frequencies of the radial modes were either observed or computed from models. This diagram
shows that the observed nonradial modes are not distributed at random but tend to cluster around the
radial modes.
If the star rotates, its oscillation frequencies split into multiplets which disturb the group-
ing of the modes around radial frequencies. We tested this effect and found that at rotational
velocities less than 100 km/s the regularities in the frequency spectra still remain easily
detectable. Moreover, mostly axisymmetric modes are observed, which are only slightly in-
fluenced by rotation.
Application of Regularities: The s-f diagram
We shall now assume that the centers of the observed frequency clusters correspond to the
frequencies of the radial modes. Our observations of the stars examined above show that this
assumption is almost satisfied. With this assumption the presence of regularities in observed
frequency spectra may be used to infer fundamental parameters of stars in the δ Scuti domain
in the HRD if these parameters are uncertain or unknown.
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Figure 2: Predicted blue instability strip borders of the radial modes. Evolutionary tracks for models with
1.6, 1.8, 2.0 and 2.2 M

are given by dotted lines. The red border was taken from Dupret et al. (2004).
We followed the evolution of a star and computed radial frequencies of the models. The
same codes as described in Lenz et al. (2008) were used. A detailed inspection of the
results reveals an excellent possibility to determine the log g value of a star by means of two
parameters: the average frequency separation between the radial modes, s, and the frequency
of the lowest unstable radial mode, f .
Mode instability calculations show that the lowest-frequency cluster corresponds to the
position of the radial fundamental mode only for the cool δ Scuti stars. For the hotter stars,
instability shifts to higher radial orders. The position of blue instability borders for modes up
to the sixth radial overtone in a HR diagram is given in Fig. 2. While the values of both the
s and f parameters depend on the mean density and, therefore, the evolutionary stage of a
star, the f value also includes a temperature dependence.
Fig. 3 shows the grid for the log g determination for stars in the δ Scuti domain. The
grid points were derived from the position of unstable radial modes. The s value was derived
from the average spacing of all unstable radial modes, while f is the frequency of the lowest
unstable radial mode. The s and f values from different models with the same log g value
were averaged to obtain the grid points. As can be seen in Fig. 3, the transition between
main-sequence models and post-main sequence models takes place at log g values between
3.90 and 3.75.
We note that the s-f diagram is in some respect similar to Petersen diagrams (period ratios
of consecutive overtones versus the longer period of each pair). Petersen diagrams also allow
to determine the order of observed radial modes, as shown in Fig. 6 of Olech et al. (2005).
The grid presented in this paper was obtained with the standard values for chemical
composition (X=0.70, Z=0.02, OPAL GN93) for nonrotating models. Since the frequencies
and the instability of radial modes are affected by changes of metallicity, rotation, helium
abundance and convection, we also computed corresponding models to test for all these
effects. The detailed results of these tests will be presented in a forthcoming paper. We
conclude that the accuracy of log g determination with the s-f diagram is comparable or even
better than photometrical estimates.
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Figure 3: Average separation of the radial modes, s, against the frequency of the lowest-frequency radial
mode, f . We assume that each unstable radial mode represents the center of a cluster as illustrated
on the bottom right. The grid makes it possible to determine log g and the order of the radial mode
corresponding to the lowest frequency cluster. The asterisks correspond to observed values for the cluster
centers of 44Tau, FG Vir and BL Cam.
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In Fig. 3 the observed positions (derived from the centers of the clusters) of FG Vir,
44 Tau and BL Cam are shown. FG Vir and 44 Tau have normal chemical composition,
whereas BL Cam is extremely metal-deficient (Z=0.0001). We computed pulsation models
for BL Cam to determine the shift of the corresponding grid in log g accurately. The amount
of the shift is shown in Fig. 3 by an arrow.
If we are close to the asymptotic regime (oscillations in higher overtones), the spacings
between frequency clusters can be two times smaller than the separation between consecutive
radial modes, because asymptotic  = 1 modes lie halfway between radial modes. Consider a
star with an observed frequency separation of 2 cd−1 and a first frequency cluster at 10 cd−1.
If we misinterpret this frequency difference to correspond to the separation between =0 and
=1 modes (as in the asymptotic case), the predicted radial separation would be 4 cd−1.
This value is located outside the grids shown in the s-f diagram, and no unstable modes are
expected. Consequently, the incorrect value of 4 cd−1 is ruled out so that 2 cd−1 has to
be the separation of radial frequencies. Any ambiguities may be ruled out this way and an
incorrect log g determination is avoided.
Conclusion
In the observed pulsation spectra of well-studied δ Scuti stars a regular distribution of fre-
quencies can be found. The detected nonradial frequencies tend to cluster in groups around
radial modes. The comparison of the observations with theoretical pulsation models reveals
that the cluster pattern may be due to trapping of modes in the stellar envelope. We present
the s-f diagram. It relates the two parameters, viz., f , the frequency of the lowest radial
mode, and s, the mean spacing between the radial modes. Only linearly unstable modes
are considered. For stars in the δ Scuti domain in the HRD the s-f diagram allows to infer
the stellar log g value and to determine the order of the radial mode associated with the
lowest-frequency cluster.
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DISCUSSION
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Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
Asteroseismology of Sun-like Stars with MOST
D. B. Guenther1 , T. Kallinger2, D. Huber2, M. Gruberbauer2 , W. W. Weiss2,
R. Kuschnig2, J. M. Matthews3, A. F. J. Moffat4, S. M. Rucinski5,
D. Sasselov6, G. A. H. Walker3
1 Saint Marys University, Halifax, Canada
2 Universita¨t Wien, Wien, Austria
3 University of British Columbia, Vancouver, Canada
4 Universite´ de Montral, Montral, Canada
5 University of Toronto, Toronto, Canada
6 Harvard-Smithsonian Center for Astrophysics,Cambridge, USA
Abstract
The first sun-like star targeted by MOST was Procyon. This bright star with well-determined
parameters and convincing evidence for the existence of p-modes from groundbased observa-
tions was expected to be an easy object for us. To our surprise (and to the surprise of many
experts) we were unable to identify any p-modes. We returned to Procyon twice. Based on
the results from the latest run, with noise levels reduced by a factor of two over previous runs,
we are now ready to comment on the nature of Proycon and its oscillation spectrum.
Individual Objects: Procyon
MOST Instrument
MOST is a space telescope in a sun-synchronous polar orbit. It is capable of obtaining precise
uninterrupted photometry of bright stars for up to 2 months. The satellite is equipped with
a 15-cm Maksutov telescope feeding a CCD (350 - 700 nm). The primary observing mode
uses a Fabry microlens that projects an image of the telescope pupil onto the CCD. Because
the pupil image remains stable despite small pointing errors of up to 10 arcsec, this observing
mode provides the most precise photometry obtainable.
During the first two years of the MOST mission, an additional CCD detector was used for
star-tracking. This detector stopped working in early 2006. Star-tracking was relocated to
the open field section of the CCD but this forced us to read the CCD every couple of seconds
to maintain the satellite’s orientation. Consequently, the science field exposures now have to
be stacked onboard to achieve the desired signal-to-noise (S/N) for each measurement. This
adapted observing mode actually provides higher total count rates per exposure and therefore
better S/N than the original observing mode.
Since its launch MOST has carried out numerous asteroseismic observations of Wolfe-
Rayet stars (e.g., Lefvre et al. 2005), planet transits (e.g., Miller-Ricci et al. 2007), star
spots (e.g., Walker et al. 2007), roAp Stars (e.g., Huber et al. 2007), and red giants
(e.g., Kallinger et al. 2008). In addition, it has motivated the development of SigSpec
(Reegen 2007), an algorithm that provides a correct statistical measure of the probability
that an amplitude peak in an oscillation spectrum is not due to white noise.
It is MOST’s observations of sun-like stars, though, that have proven to be the most
challenging. This is exemplified by the case of Procyon, the topic of this talk.
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Figure 1: Autocorrelation in frequency of MOST 2007 observations of Proycon.
Procyon
In the context of asteroseismology, Procyon is classified as a sun-like star. It is near the
main sequence. Its composition is close to solar. It has a convective envelope, albeit a very
thin one, that is believed to drive nonradial oscillations. And in aid of modeling, its mass,
luminosity and effective temperature are well-known.
It was an obvious first target for MOST because it is well located within the continuous
viewing zone of MOST, it is bright, and it has already been the subject of ground-based radial
velocity (RV) measurements (e.g., Martic et al. 2004; Eggenberger et al. 2004). Furthermore,
based on scaling arguments derived from theoretical models (Kjeldsen & Bedding 1995) we
expected the amplitude of the nonradial oscillations to be well above the few parts-per-million
threshold of the MOST instrument.
We were, therefore, surprised when we were unable to unambiguously see p-modes in our
first observations of Procyon (Matthews et al. 2004). Specifically, we could not see a regularly
spaced sequence of p-modes in amplitude versus frequency plots. At the time we concluded
that if there are p-modes on Procyon, the peak amplitudes have to be less than 15 ppm in
luminosity and/or the modes themselves have to have lifetimes shorter than 2 to 3 days.
The result was unpopular and several critical papers appeared shortly thereafter, including
Bedding et al. (2005). They suggested that: 1. the capabilities of the MOST telescope,
which were unproven at that time, were exaggerated and that it did not have the claimed
sensitivity; 2. the data reduction strategy was inadequate or flawed; and 3. the stray light
contamination was not dealt with properly. Since then the MOST telescope has shown with
other targets that its sensitivity is well within the claimed limits, the data reduction strategy,
which includes the new tool SigSpec, is reliable, and that the stray light contamination, which
is a serious issue, is well-modeled (Guenther et al. 2007) and filtered out of the data.
We re-observed Procyon one year later in 2005. The results were similar, that is, we
could not see regularly spaced p-modes in the data. Finally, following the improved S/N
performance of the MOST telescope, noted above, and to coincide with networked ground-
based RV observations of Procyon, we re-observed Procyon for a third time in 2007. We were
able to improve the point to point scatter, and as a consequence, the S/N ratio by a factor
of two in amplitude over our previous runs.
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We believe we can see evidence for p-mode signal in the data but are still unable to identify
p-modes. For example, the autocorrelation between 500 and 1500 μHz, see figure 1, shows
two broad peaks, one at 83 μHz corresponding to the orbit frequency, and the other at 55 μHz,
corresponding to the expected value for the large spacing. Regardless, when we plot the most
significant peaks in an echelle diagram we do not see any well-defined sequences of common
l-values. Indeed, the identified frequencies in the RV observations of Martic et al. (2004) and
those of Eggenberger et al. (2004) show little agreement with each other or with our modes.
Short Model Lifetimes
Short mode lifetimes smear out the frequency peaks and, depending on the resolution of the
spectrum, introduce multiple peaks around the true mode frequency. In figure 2 we show the
discrete Fourier transform of a single mode with a damping and stochastic excitation time
of 2 d. The peak amplitude is diminished to 60% its original amplitude and multiple peaks
surround the true mode frequency.
When we simulate an entire spectrum of modes, the multiple peaks interfere with each
other making it difficult to identify the true mode frequency. In figure 3, left panel, we show
the echelle diagram obtained from a simulated spectrum of modes with 2 d lifetimes. The
open circles are the mode frequencies and the filled circles are the extracted frequencies. The
extraction fails for a significant number of modes.
In Guenther et al. (2008) we describe several techniques to extract the true frequencies.
The most straightforward method we tried is to extract peaks from a spectrum smoothed by a
running Lorentzian with half-width corresponding to the expected mode lifetime. In the case



















Figure 2: Simulation of how a damped and stochastically re-excited oscillation signal with a lifetime of 2
days would appear in the MOST 2007 Procyon data.

























Figure 3: (a) Frequencies for a simulated oscillation spectrum of Procyon (open circles) are plotted with
the peak frequencies which are recovered from that simulated oscillation spectrum (filled circles). (b) Same















 MOST 2007 Lifetime 2 d
Figure 4: Echelle diagram of the MOST 2007 Procyon data, where frequencies have been extracted
assuming that the modes have short 2 d lifetimes
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technique yields nearly all the original modes as shown in the right panel of figure 3. After
applying a 2d running Lorenztian to our 2007 Procyon data and extracting the peaks from
the smoothed data we get the echelle diagram shown in figure 4. This is a cleaner looking
echelle, although, there is still some scatter visible.
Despite improving the echelle diagram for our Procyon 2007 observations under the as-
sumption of 2 d lifetimes we recognize that there are other possible explanations for our
inability to unambiguously identify p-modes in Procyon. For example, the oscillation ampli-
tudes in luminosity could be below that predicted by models. This could be due to Procyon’s
thin convective envelope. Because the driving region (the superadiabatic layer) is very near
the surface, the region is less optically thick than in stars like the sun. We speculate that this
could lead to greater radiative damping of the luminosity variations than predicted.
On a cautionary note, we find that for the purposes of establishing and identifying intrinsic
modes in a star, it is best that as few physical assumptions about the star are included in
the extraction as possible. As we have discussed, our initial echelle diagram was significantly
improved by including the assumption that the modes have 2 d lifetimes. We could further
improve the look of the diagrams by assuming that the peaks are regularly spaced according
to the asymptotic relations. The procedure, called comb filtering, specifically selects the
optimum set of peaks that fit the expectation of regular spacing. If physical processes within
the star, such as short mode lifetimes, are responsible for the ragged looking echelle diagrams
for Procyon then a neatly combed echelle diagram will do nothing but lead us astray.
Convection
Recent models of Procyon’s thin convective envelope computed by the Yale convection group
(Guenther et al. 2008) show that the frequency location of the peak power in the convective
eddies as they manifest themselves at the surface coincides with the expected frequency range
of the peak in power for the p-modes. In the case of the sun, for example, the two power peaks
are separated in frequency. The coincidence of the power peaks for Procyon, if true, further
complicates the process of extracting p-modes from the observations since the granulation
noise has to be isolated from the overlapping p-mode signal.
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Abstract
About one year after the end of the first observational run and six months after the first
CoRoT data delivery, we comment the data exploitation progress for different types of stars.
We consider first results to illustrate how these data of unprecedented quality shed a new
light on the field of stellar seismology.
Conclusions
The CoRoT data fulfil expectations in terms of noise level, duration of the runs and continuity
of the observations. The analysis of the light-curves allows to explore stellar variability at
an unprecedented level of precision and for an unprecedented range of time scales. The first
interpretation studies confirm the great help we can expect from these data to improve our
understanding of stars structure and evolution. These results also confirm space photometry
as an efficient component of the strategy to develop stellar seismology.
The complete paper with additional details is published in CoAst, 156, page 73 (2008).
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Abstract
In this paper we present an overview of the analysis of some of the Be stars observed with the
CoRoT satellite up to this date. Be stars are very fast-rotating B-type stars which may pulsate
as β Cephei or SPB stars. CoRoT has already observed 5 bright Be stars in the seismology
fields and several tens of fainter ones in the exoplanet fields with an unprecedented quality and
with a time duration from 20 to 150 days. Multiple frequencies are detected in the majority
of the stars. Pulsations, outbursts, beating phenomenon, possible transient modes, rotation,
amplitude variability, etc. have been found in their light curves. In order to complement this
study, ground-based spectroscopic data have also been analysed for the stars located in the
seismology fields.
Individual Objects: HD181231, HD 175869
Introduction
Be stars are non-supergiant B stars that show or have shown at one or another moment
emission in Balmer lines. It is generally agreed that the origin of this emission is the presence
of an equatorial circumstellar disk, fed by discrete mass loss events. For a complete review
of the Be phenomenon and its properties, see Porter & Rivinius (2003).
Be stars are very fast rotators (Ω/ΩCrit ∼ 90%). Short-term variations are present in
these stars due to the nonradial pulsations or/and rotational modulation. The spectroscopic
analysis led by Rivinius et al. (2001) of μ Cen suggested that nonradial pulsations combined
to the near break-up rotational velocity are probably the mechanism responsible for the mass
ejection. However, μ Cen is, up to now, the only known Be star for which this behaviour
could be shown.
Recently, the Canadian mission MOST observed during several weeks 5 Be stars with
spectral types ranging from 09.5V to B8V. Modes typical of β Cep and/or SPB stars
have been identified, suggesting that pulsations are present in all rapidly rotating Be stars
(see eg. Saio et al. 2007).
The observation of Be stars with the CoRoT satellite (Baglin et al. 2002) is providing
photometric time series with an unprecedented quality that will allow us to perform a deep
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study of the role of nonradial pulsations and their relation with the Be star outbursts. The
CoRoT mission is providing 5 months of continuous observations of 1 or 2 bright Be stars
per long run. In addition, CoRoT is observing simultaneously many faint Be stars per long
run. Moreover, some bright and faint stars are being observed during shorter periods of
observations (short runs). Here we present the first results obtained from the analysis of the
light curves of the Be stars observed with CoRoT.
Observations and frequency analysis
Observations were obtained with the CoRoT satellite during the Initial Run (IR) in the an-
ticenter direction and in the Short Run (SRC1) and first Long Run (LRC1) in the center
direction. The time duration of the three runs are 54.7, 27.2 and 156.6 days respectively.




The analysis of two Be stars observed in the seismology field of CoRoT, namely HD181231
and HD175869, are presented in this section.
HD 181231 is a B5IVe star which showed low-amplitude variability with a frequency at
0.67 c/d from ground-based observations (Gutie´rrez-Soto et al. 2007). The CoRoT light
curve of 156.6 days (see Fig. 1 of poster by C. Neiner) shows a beating due to the presence
of multiple frequencies. More than 30 significant frequencies have been detected. The three
largest-amplitude frequencies are around 1.24, 0.62 and 0.69 c/d, with amplitudes of 1.6, 1.2
and 1.1 mmag respectively. The phase diagram with the frequency 0.62 c/d (upper panel
of Fig. 1), shows a double wave, while the frequency 0.69 c/d shows a single-wave diagram
(lower panel of Fig. 1).
Ground-based spectroscopic data of this star were also obtained with FEROS at the 2.2m
telescope in la Silla as a part of a large program (PI Ennio Poretti) and at the Pic du Midi
with the NARVAL spectropolarimeter (PI Coralie Neiner). The line-profile of the Mg II 4481
shows variations with the frequency 0.69 c/d. From Telting & Schrijvers (1997) we estimate
a -value of 3− 4. See poster by Neiner et al. (2008) in these proceedings.
HD 175869 is a B8IIIVe star which was found to be nonvariable from Hipparcos data. The
CoRoT light curve of 27.2 days shows low-amplitude variations of the order of 0.2 mmag. A
frequency compatible with the rotational frequency and its 5 harmonics are detected. Other
significant low-amplitude frequencies with amplitudes of few ppm are also found.
EXO fields
To date, 7 confirmed Be stars have been observed in the exoplanet fields of CoRoT during the
IR. All of them showed emission in the Hα line in the spectroscopic observations taken with
CAFOS at the 2.2m telescope in Calar Alto (PI Juan Fagregat). All the 7 stars have spectral
types earlier than B5 and high-resolution spectra are needed to have a better classification.
All these stars are highly variable when analysing their CoRoT light curves. Most of them
present the beating phenomenon and therefore we find signal in many frequencies. As is
often observed in Be stars, the detected frequencies range from 0.4 to 4 c/d. The amplitudes
determined with the least-square fitting range from 40 to a few 0.01 mmag. Note that
we have considerably improved our detection level and 3 of the 7 stars would never have
shown variability from ground-based observations, since the largest amplitude for these stars
is around 0.3-0.2 mmag.
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Figure 1: Phase diagram of the star HD181231 with the frequency 0.62 c/d (upper panel), and with 0.69
c/d (lower panel)
Here we present a brief discussion of each observed star: The CoRoT light curve of the
star 0102904910 shows beating of several frequencies. Many peaks around the frequencies
3.97, 3.84 and 1.92 c/d are clearly detected in the periodogram. We also found changes in
the amplitude of the detected frequencies during the observations.
The light curve of the star 0102791482 shows variations with very high-amplitude of the
order of 0.04 mag. The frequency analysis results on multiple frequencies (some tens) and
many combinations, due to the high amplitude.
The star 0102766835 shows a long-term trend larger than the 57.7-d duration of the run
in its CoRoT light curve, which would be produced by changes in the circumstellar disk. After
prewhitening from this long-term trend, we found many frequencies around 0.93 and 0.88 c/d
and combinations. We noticed that after adjusting a large number of frequencies (∼ 50) to
the light curve, some signal that appears to be non-sinusoidal is still present suggesting that
some of the amplitudes or/and frequencies are changing during observations.
The analysis of the light curves of the stars 0102761769, 0102725623 and 0102964342
yields several frequencies with amplitudes of the order of 0.2 to 0.6 mmag.
The star 0102719279 shows several fadings in its CoRoT light curve (see Fig. 2). A fading
is an ejection of matter or outburst, but due to the inclination angle (i ∼ 90), the material in
the envelope is hiding the star (see Hubert & Floquet 1998 for some examples with Hipparcos
data). An outburst seems to occur around the Julian day 2454141, a second around 2454148
and a third much stronger one around the days 2454151-2454152. Note that the outbursts
produce a fading of ∼100 mmag in the light curve. The amplitude of the oscillations increases
until the moment when the strongest outbursts occurs, and then suddenly the amplitude
decreases while the average magnitude increases slowly to approximately reach the same level
as before the outbursts. The outburst occurs when the amplitude of the variations is the
largest.
From the Fourier analysis of the whole light curve, we detected several close frequencies
around 1.16 c/d and the double 2.32 c/d, and around 0.98 c/d. As we noticed that the am-
plitudes change very much for the datapoints before and after the outbursts, we performed
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Figure 3: Periodogram of the light curve of the star 0102719279 before and after the outburst.
a Fourier analysis for both datasets. We clearly see in Fig. 3 that the amplitudes change
dramatically for the frequencies close to 1 (the peaks disappear) and to 1.16 c/d (the am-
plitude decreases from 20 to 5 mmag). Therefore, there is a link between the outbursts and
the change in amplitude.
Conclusion
The high precision, the high duty-cycle and the long-duration of the CoRoT observations
presented in this paper have allowed us to detect many low-amplitude frequencies which
would have never been detected from ground-based observations.
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This is a summary of the results:
• Be stars are highly variable
• Most of the stars show a beating produced by multiple frequencies.
• A change of amplitude of the oscillations is observed along the light curve in some stars.
• A link between amplitude variations and outbursts have been found in one Be star.
Finally, we need models taking into account effects of fast rotation on oscillation frequen-
cies to classify the modes and to discriminate between rotation and pulsations.
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Abstract
I begin by explaining the properties of spectral windows of time-series data. Emphasis is
on data obtained at a single geographic longitude, but ground-based multi-longitude cam-
paigns and space missions such as MOST and Hipparcos are not entirely neglected. In the
second section, I consider the Fourier transform of time-series data and the procedure of
pre-whitening. Sect. 3 is devoted to the pioneers of the subject. In Sect. 4, I suggest how to
avoid pitfalls in the practice of periodogram-analysing variable-stars observations. In the last
section, I venture an opinion.
Individual Objects: ARHer, δ Cet, β CMa, δ Sct, DDLac, EN Lac, 2And
Spectral windows
Spectral windows, also called window functions, are Fourier transforms of the observing win-
dows. For a single site, the proof is illustrated in Fig. 1. This figure is a slight modification
of figure 3-7 from the well-known monograph by Gray (1976). In the monograph, the figure
serves to explain the working of a diffraction grating. In Fig. 1, the observing window is
shown at top left, and its Fourier transform, at top right. The observing window consists of
nine successive nights, equally spaced, each of duration Δt. It can be looked at as a result
of a convolution of a rectangular function of width Δt (representing a single night) with a
Shah function with spacing equal to the sidereal day, T
∗
, multiplied by another rectangular
function of width T , equal to the total time-span of the observations. This wide rectangular
function transforms into the narrow sinc function of width 1/T (bottom right), while the
single-night rectangular function transforms into the wide sinc function of width 1/Δt (upper
right). The latter, multiplied by the Shah function with spacing equal to 1/T
∗
(the transform
of the Shah function at left) and convolved with the former gives the spectral window. Note
that (1) the frequency resolution is determined by T , the total time-span of the data, and
(2) 1/T
∗
is equal to one cycle per sidereal day (c/sd), i.e., 1.0027 c/d.
In Fig. 1, the diagram at lower left and all diagrams at right (i.e., in the frequency domain)
are incomplete. In fact, the sinc and Shah functions extend from −∞ to +∞. In particular,
the spectral window (top right) is a sum of an infinite series of the narrow sinc functions,
spaced 1 c/sd, with their maximum ordinates modulated by the wide sinc function. The
pattern has a maximum at zero frequency. Note that the duration of the observing night,
Δt, determines the height of the −1.0027 and +1.0027 c/d side-lobes relative to the central
peak: longer nights produce lower side-lobes.
The observing window in Fig. 1 (top left) is grossly simplified. I assumed that (1) on any
night, the observations are taken continuously, (2) the nights are of equal duration, (3) there
are no nights lost because of clouds or equipment failure. The first assumption was made to
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Figure 1: The spectral window (top right) is the Fourier transform of the observing window (top left).
The observing window is a result of a convolution of a rectangular function of width Δt (representing
a single night) with a Shah function with spacing equal to the sidereal day, T
∗
, multiplied by another
rectangular function of width T , equal to the total time-span of the observations. The spectral window is
a convolution of the narrow sinc function of width 1/T (bottom right) with the Shah function of spacing
equal to 1/T
∗
(the transform of the Shah function at left) multiplied by the wide sinc function of width
1/Δt (upper right)
avoid discussing the Nyquist frequency, an issue which for irregularly spaced time series seems
to be debatable (see Koen 2006). Assumptions (2) and (3) make the observing window an
even function of time, so that the spectral window is a real (and even) function of frequency.
For actual data, the spectral window is a complex function. In practice, one plots the modulus
of the spectral window. The modulus of a spectral window is an even function of frequency.
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Figure 2: Synthetic amplitude spectrum of the MOST observations of δ Cet. The arrows indicate aliases
at forb− 6.2059 and forb + 6.2059 c/d, where forb = 14.20 c/d is the orbital frequency of the satellite
An interesting example of how much a real spectral window may differ from the simplified
case discussed above can be found in Borkowski’s (1980) analysis of visual observations of the
RRab-type Blazhko variable AR Her, obtained in 1944 by Tsessevich. In the spectral window
of these data (Borkowski’s figure 1) one can see not only the peak at zero frequency and the 1,
2, 3 etc. c/sd aliases, but also a peak at the star’s fundamental frequency of 2.128 c/d and its
sidereal day aliases. This latter pattern arose because Tsessevich has spaced his observations
unevenly: the sharp light-maxima he sampled with a much shorter time step than the flat
minima.
The sidereal day aliases can be reduced or even eliminated altogether by observing from
several sites at different longitude or from space. An example of a multi-longitude ground-
based spectral window can be seen in the top panel of figure 2 of Handler et al. (2004),
while an example of a space-based spectral window is shown in Fig. 2. Strictly speaking,
both figures show moduli of the Fourier transforms of synthetic data, produced by sampling
a sine-curve that represents the highest-amplitude variation of the star in question at the
epochs of actual observations. In order to avoid confusion with the spectral windows proper,
I shall refer to the former as “the synthetic spectra”. The synthetic spectrum in Fig. 2
was computed for the 6.2059 c/d variation of the β Cephei-type star δ Cet; the synthetic
data were produced by sampling a 13.8 mmag sine-curve of this frequency at the epochs of
the MOST1 photometric observations of the star. The figure shows the 13.8 mmag peak
at 6.2059 c/d and, in addition, much lower peaks at forb− 6.2059 and forb+ 6.2059 c/d,
where forb = 14.20 c/d is the orbital frequency of the satellite. For a detailed discussion of
ground-based and MOST observations of δ Cet, see Jerzykiewicz (2007).
In the Hipparcos’ (ESA 1997) epoch photometry, the satellite’s rotation-frequency aliases
are more pronounced than the orbital-frequency aliases in the MOST observations of δ
Cet. In addition, the amplitude of the aliases is modulated with a frequency resulting
from beating between the two sampling frequencies of the satellite. A thorough discus-
sion of the spectral window of the Hipparcos’ epoch photometry has been provided by
Jerzykiewicz &Pamyatnykh (2000).
1The MOST satellite is a Canadian Space Agency mission, jointly operated by Dynacon Inc., the University of Toronto
Institute for Aerospace Studies and the University of British Columbia, with the assistance of the University of Vienna.
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Fourier transform of the observations and pre-whitening
Time-series observations of a variable star can be represented as a sum of (1) the product of
the star’s intrinsic variation and the observing window, and (2) the observational noise. From
the convolution theorem and the fact that the Fourier transform of a sine-curve of frequency
f is a pair of the δ functions, one placed at −f , and the other, at +f , it follows that:
T1 If the intrinsic variation is a sine-wave of frequency f and amplitude A, the Fourier
transform of the observations is equal to the sum of (1) the spectral window shifted
to −f , (2) the spectral window shifted to +f , and (3) the Fourier transform of the
observational noise; (1) and (2) are scaled to A.
T2 If the intrinsic variation is a sum of N sine-waves, the Fourier transform of the obser-
vations is equal to the sum of N of (1), N of (2) and (3).
In practice, one plots the moduli of the Fourier transforms. T1 explains the orbital-
frequency aliases in Fig. 2, in particular, the alias at forb− 6.2059 c/d. T2 makes it clear
why pre-whitening is necessary if more than one frequency is present in the variation. If done
in the time domain, as is usually the case, pre-whitening is an operation on real numbers.
In the frequency domain, the real and the imaginary part of the transform must be treated.
An example of pre-whitening in the time domain can be found in Handler et al. (2004).
Pre-whitening in the frequency domain has been advocated by Gray & Desikachary (1973).
The pioneers
Meyer (1934) discovered that the radial velocity amplitude of the β Cephei-type star β CMa
varied with a period equal to 49.1 d. He explained this in terms of an interference between
two sine-curves of slightly different short periods, one equal to 6h 0m, the other, to 6h 2m.
The reality of the components was supported by the fact that the longer of the two short
periods was identical with the period of the variation of the width of spectral lines, discovered
earlier by Henroteau (1918).
Sterne (1938) applied the correct procedure of pre-whitening (without using the term) in
order to derive a secondary period of δ Sct from photoelectric observations of Fath (1935, 1937).
Fath (1947) made an (unsuccessful) attempt to organize a multi-longitude campaign; the
intended object was the β Cephei-type star 12 (DD) Lac. His secondary period of 12 Lac,
derived from a single-longitude data, was later shown to be a ∼1 c/sd alias of the correct
value. In 1956, de Jager (1963) organized the first successful multi-longitude campaign; the
object was again 12 Lac.
Wehlau & Leung (1964) explained periodogram analysis in terms of Fourier transform and
the convolution theorem.
Fellgett (1972) discussed limitations of periodogram analyses of time-series observations.
He pointed out that (1) the existence of a Fourier component does not of itself provide any
evidence of significant periodicity, (2) there is no unique Fourier representation of a function
known over a finite interval of its argument. According to the NASA’s ADS, Fellgett’s (1972)
important paper has been quoted only once. Apparently, Cassandras are unpopular.
Recommendations
This section should be skipped by those who do not make mistakes. The less fortunate among
us may wish –before sending the results of their analysis to the editor– to go through the
following list:
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Figure 3: The radial-velocity observations (circles) and synthetic velocity-curve (solid line) of 16 (EN) Lac
on JD 2451453. The observations and parameters of the synthetic curve are from Lehmann (2001). The
synthetic curve was computed by MJ.
• Get the epochs of observations right. However, if you are lucky, your mistake may
surface during the analysis. For an example, see figure 5 in Jerzykiewicz & Wenzel
(1977).
• If you do differential photometry, use two (or more) comparison stars. A single com-
parison star may spoil the analysis. Example: I ascribed the frequency of 7.194 c/d to
16 (EN) Lac (Jerzykiewicz 1993). As it turned out, it was 2 And, the only comparison
star I used, which is responsible (Sareyan et al. 1997, Handler et al. 2006).
• Understand the spectral window of your data. See Sect. 1.
• Pre-whiten. See Sect. 2.
• Quit before you get too close to the level of noise. See Breger et al. (1999).
• Compare the synthetic light (or velocity) curve with the data. If you don’t, you risk an
unpleasant surprise. An example is shown in Fig. 3.
• When you compare the frequencies you derived with earlier work, look for differences
close to 1.003 and 0.003 c/d. The first number is approximately equal to 1 c/sd (see
Sect. 1), the second is close to 1 cycle per year (c/y). An alias of 1 c/y (or a fraction
thereof, such as 1/2, 1/3, etc.) is much more difficult to get rid of than a 1 c/sd alias.
An opinion
If the data are OK, any method of analysis will do, provided that the method is used properly.
Acknowledgments. The use of NASA’s Astrophysics Data System Abstract Service is ac-
knowledged. This work was supported by MNiSW grant N203 014 31/2650.
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DISCUSSION
Kova´cs: What is your opinion about using pure (truncated) Gaussian noise on the observed time base in
a Monte Carlo simulations to get an estimate of the noise level?
Jerzykiewicz: It is a useful exercise which may serve as a guide. However, statistical properties of real
noise are seldom, if ever, known.
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
Application of the Trend Filtering Algorithm in the search for
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Abstract
During the past few years, the Trend Filtering Algorithm (TFA) has become an important
utility in filtering out time-dependent systematic effects in photometric databases for extra-
solar planetary transit search. Here, we present the extension of the method to multiperiodic
signals and show the high efficiency of the signal detection over the direct frequency analysis
on the original database derived by today’s standard methods (e.g., aperture photometry).
We also consider the (iterative) signal reconstruction that involves the proper extraction of
the systematics. The method is demonstrated on the database of fields observed by the
HATNet project. A preliminary variability statistics suggests incidence rates between 4 and
10% with many (sub)mmag amplitude variables.
Introduction
The Trend Filtering Algorithm (TFA) has been routinely used during the past several years
in the search for transiting extrasolar planets within the HATNet1 project (Bakos et al.
2004). The goal of this post-processing method is to filter out systematics/trends from
the photometric time series. The presence of these effects is due to sub-optimal observing
conditions, data acquisition and reduction; e.g., remaining differential extinction, distorted,
position- and time-dependent point spread function, astrometric errors, etc. Although wide
field observations are the ones most affected by systematics, the fingerprints of these pertur-
bations are always present in nearly all photometric observations (in surveys, such as MACHO
– Alcock et al. (2000), or in individual object follow-up observations by small field-of-view
telescopes – Kova´cs & Bakos 2007).
Effects of systematics have not been considered in the past too closely, since, relatively
speaking, they play a less important role in large amplitude variables, and most of the earlier
investigations focused on specific classes of stars without paying attention to the “constant”
stars, displaying the systematics in the most obvious way (due to the lack of more prominent
physical variations). This situation has changed with the advent of the microlensing surveys,
when it has become clear that more sophisticated image processing tools, such as the image
subtraction method (ISIS, see Alard & Lupton 1998) are needed to disentangle weak signals
and systematics when searching for variables in crowded fields. While the above differential
image analysis works on the images (snapshots of the full photometric time series), TFA
(Kova´cs et al. 2005; hereafter KBN) and SysRem (Tamuz et al. 2005) attempt to utilize the
information available in the full time history of the light curves.
1Hungarian-made Automated Telescope Network
http://cfa-www.harvard.edu/ gbakos/HAT/
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In the following, we briefly summarize the main steps of the algorithm, extend the method
to multiperiodic time series, demonstrate the effectiveness of the method by various tests and
perform a brief variability survey on 10 HATNet fields.
TFA with multiperiodic signal reconstruction
Here we briefly summarize the main assumptions and formulae of TFA. The interested reader
is referred to KBN and Kova´cs & Bakos (2007) for additional details.
The basic assumptions are the following: (i) systematics are present in several/many
objects in the field (i.e., TFA template selection is possible); (ii) trends in any target are
linearly decomposable by using some subset (template) of time series available in the field; (iii)
the observed time series is trend- and noise-dominated2 ; (iv) there is a common time base for
the large majority of objects. After selecting a set of templates ({Xk(i), k = 1, 2, ..., M ; i =
1, 2, ...,N} – with k being the template and i being the time index), for each target we






where the coefficients {ck; k = 1, 2, ..., M} are derived from the following condition for each




[Y (i) −A(i) − F (i)]2 = min . (2)
Here the function {A(i); i = 1, 2, ..., N} is either constant, or is the trend- and noise-free
signal, to be found iteratively in the signal reconstruction phase. For single- and multiperiodic
signals, when the Fourier representation of the signal is adequate, we can perform signal










where {Sj(i); j = 1, 2, ...,2L; i = 1, 2, ...,N} are the Fourier components (sine and cosine
functions) with L different frequencies and {aj} phase-dependent amplitudes. The frequencies
are determined from the analysis of a time series derived by Eqs. (1) and (2) with “no signal”
assumption (i.e., with {A(i) = const}). Assuming that these frequencies approximate well
the ones representing the noise- and trend-free time series, the advantage of Eq. (3) is that it
yields an exact solution in one step for signals of the form of trend + Four. comp. + noise. If
the signal has additional components (e.g., transients, transits) that are not well-represented
by a finite Fourier sum, we should use a more complicated model and, as a consequence,
an iterative scheme to obtain approximations for the signal components. We note that, in
principle, iteration should be employed also if the non-sinusoidal components are absent,
because the starting model from which we determine the frequencies is different from the
one used in the reconstruction. However, based on our experience from the application of
the “no signal” assumption in periodic transit search, the frequencies derived in this way are
accurate enough, and there is no need for the very time-consuming iterative procedure in the
frequency search.
2This property is only used in the frequency search. For signal reconstruction, the full time series
model is used, including the hidden signal component.
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 2                                       2.99662                                0.0015   7.4       
Figure 1: Panels on the left show the successive prewhitening of the raw test time series obtained by the
injection of two sinusoidal components at 6.25 and 8.33 d−1. Amplitudes are normalized, labels show
the prewhitening cycle number, peak frequency, amplitude [mag] and signal-to-noise ratio. Simple Fourier
prewhitening cannot recover the signal. Panels on the right show the result obtained by TFA filtering with
900 templates. Both injected signal components are recovered with high significance.
Tests, examples
KBN we presented several tests showing the signal detection capability of TFA on the early
set of HATNet light curves, focusing mostly on the detection of periodic transits. Here we
show some selected examples on the detection of sinusoidal (i.e., Fourier) signals on the
latest, more extensive datasets.
One of the questions that can be asked is why direct Fourier filtering is not used to
clean up the data from systematics. The reason is threefold: (i) there are systematics (e.g.,
transients) for which Fourier representation is a rather bad one; (ii) we do not know a priori
which component can be treated as a trend and which one as a signal; (iii) for the most
common periodic (daily) systematics Fourier filtering is less stable, because of the gaps in the
data with the same periodicity. Figure 1 demonstrates the inadequacy of the simple Fourier
filtering. The injected low-amplitude signal remains completely hidden if we employ direct
Fourier filtering. Although TFA filtering also leaves some trend in the data (see the peak in
the bottom right panel at 3.0 d−1), its amplitude is 26-times smaller than that of the highest
peak in the direct Fourier filtering at the same stage of prewhitening.
Next, in Fig. 2 we show the frequency spectra of a real variable that has escaped detection
in the original time series. The star is rather bright and therefore it is strongly affected by
various saturation-related effects. These effects are also common in other bright stars in the
field, so it is possible to filter them out by employing TFA. In Fig. 3 we also show the folded
light curves to give another look at the difference between the raw and the TFA-reconstructed
results. Finally, as an example of the detection capability on the HATNet database, in Fig. 4
we show the frequency spectra of a sub-millimag variable.
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 1                                       7.03397                                0.0011         4.9       
Figure 2: Example on a variable that is hidden in the raw time series (panels on the left) but becomes
highly visible in the TFAd time series (panels on the right). Notation is as in Fig. 1.
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Figure 3: Folded/binned light curves with twice of the period of the variable shown in Fig. 2. Left: raw
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 1                                      27.58683                                0.0003        6.3        
Figure 4: Example on a sub-millimag variable. The signal is detectable also in the raw time series (left)
but is cleaner in the TFA filtered one (right). Notation is as in Fig. 2.
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Brief HATNet variability statistics
By using TFA post-processing, we have Fourier analyzed 10 HATNet fields in the
[0.0, 20.0] d−1 range and searched for variables with high significance (SNR> 10) in the
frequency spectra. The number of stars analyzed per field varies between 10000 and 25000,
with 5000 to 11000 data points per object. The time spans covered by the observations are
between 100 and 1000 days. The incidence rates of the variables are between 4 and 10%.
The number of sub-mmag variables changes from field-to-field, but it is typically in the order
of 100. All these statistics are, of course, strong functions of the data quality, time span of
the observations and sample of objects. The total number of objects analyzed is 169000,
covering a magnitude range of 7 < V < 13. The number of variables is 9900. Some 12%
of these are sub-mmag variables. For comparison, in an effort to produce a variable input
catalog for the Kepler field, Pigulski et al. (2008) analyzed 250000 objects from the ASAS
database. They found a variability rate of 0.4%. This low incidence rate is not surprising if
we consider that the average number of data points in these ASAS variables is only 100.
Acknowledgments. We thank for the support of the Hungarian Scientific Research Fund
(OTKA, grant No. K-60750). Work of G. A´. B was supported by NSF fellowship AST-
0702843. Operations of HATNet have been funded by NASA grants NNG04GN74G and
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DISCUSSION
Breger: In one of your diagrams, you showed a remarkable improvement in a power spectrum after
applying filtering. Could you comment a bit more on the reasons?
Kova´cs: With a preselected large template set (typically from few hundred to thousand in a field
containing 103 − 104 objects and similarly large number of data points per photometric time series),
we have a good chance to find objects whose light variation contain various parts of systematics present
in the target. Systematics have various sources, starting from improper flat-fielding to differential color
extinction (see our 2005 paper listed in references for further details).
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Abstract
In this work we discuss a new method of time series analysis. This new method -Variable Sine
Algorithmic Analysis, (VSAA)- is based on a single sine function with variable coefficients
and is powered by the simplex algorithm. It can be applied to almost every type of time
series, e.g., to orbital period variations, pulsating stars, sunspot activity, etc., providing a
very accurate and simple analysis. Especially in cases of phenomena demonstrating variable
frequencies but triggered by a single mechanism, VSAA provides a straightforward solution.
Applications are given to synthetic and real data.
Individual Objects: ABAnd, RRLyr, Sun
The problem
The periodic nature of certain phenomena is a very common aspect in many scientific fields.
likewise in astronomy. A few powerful techniques have been developed in order to analyze
the periodic behavior in these cases. The two most common and widely used are the Fourier
Transform and the Wavelet Analysis. Fourier Transform (FT) can trace more than one
constant frequencies in a time series, but lacks of time-sensitivity. So, if the signal presents
a non-constant but quasi-periodic behavior, the FT gives a set of constant frequencies as a
result, that should be superimposed in order to describe the original signal. The WA is a more
recent method that can produce more time-sensitive results, but the core idea is no different
than the Fourier approach. It is like having multiple FT’s for consecutive windows. In order
to reproduce the original signal, one has to superimpose again all the traced frequencies for
each time window.
From the above becomes clear that there is a problem that cannot be handled adequately
from the previous techniques: what if we have a time-series presenting a modulated quasi-
periodic behavior, but which is triggered by a single mechanism? To demonstrate this problem,
we took the case of orbital period variations of the AB And binary system. AB And is a contact
binary system of the W UMa type, with masses m1 = 0.93M, m2 = 0.45M, and orbital
period of P = 0.332 days. Starting from its O-C diagram and using the First Continuous
Method (Kalimeris et al. 1994) we acquired its period variation and we subtracted the
long-term variation of 0.006 s/year. This secular increase can be assigned to a number of
physical mechanisms like mass transfer. The resulting diagram (Fig.1) represents the actual
quasi-periodic variability of the real orbital period of the system.
This diagram can be divided in two parts: The first ranging approximately from 1905 to
1968, and the second from 1969 until today. The first part contains a full 63-year cycle of
almost perfect sinusoidal nature and this is the primary frequency detected by the Fourier
analysis. But, during the second part, the characteristics of this sinusoidal wave change
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Figure 1: The orbital period variation of the AB And binary
progressively and create a cycle of approximately 39 years with lower amplitude. This makes
the orbital period variation of the AB And binary a case that cannot be analyzed by the
classic FT or WA. This orbital period variation could be well-assigned to a single mechanism
triggered by magnetic activity and described by the Applegate’s mechanism (Applegate 1992).
Therefore, the need of a new method that can trace this variable frequency and assign it to a
single physical mechanism (and not to a superimpose of a huge number of frequencies with
no physical explanation) becomes a necessity.
The VSAA Method
The VSAA -Variable Sine Algorithmic Analysis- (Tsantilas & Rovithis 2007) is an algorithmic
method accompanied by a computer code, based on the idea of a single sine function with
variable coefficients and powered by the Siplex algorithm. This way, the output of the analysis
is very simple and clear, while the results can be assigned in a straightforward manner to a
single mechanism that modulates its characteristics (amplitude and frequency) through time.
The core function is:
f(t) = a · sin(b · t + c), (1)
where a = a(t), b = b(t) and c = c(t), i.e. they are functions of time.
The user has to define some initial values for the following parameters:
a: the amplitude of the signal,
b: the frequency of the signal (multiplied by 2π),
c: the (possible) phase shift,
w: the sliding window width,
it: the number of iterations for every step of the simplex,
acc: the accuracy threshold of the simplex
The user has the option to choose which of the above parameters will be adjustable or fixed.
Then, the VSAA starts a partial fit for every window j. The fit is made using the Simplex
algorithm (Nelder & Mead 1965). This procedure continues automatically until the end of
the time series data set under inspection. The output of the analysis is a set of N −  vectors
vj , where N is the number of the input data points and  is an internal parameter that
secures that there are enough points in order to have a decent fit. The vectors have the form:
vj = (tj , aj , bj , cj , σj , Fj), j = 1...N − , where
tj : denotes the time,
aj(t) = Δf(t) : is the amplitude of the variable frequency f(t),
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bj (t)
2π = f(t) : denotes the variable frequency,




w is the mean error, where sj is the original signal data and Fj is the VSAA
fit to the signal.
Applications
Application to synthetic data
In order to be able to evaluate the method and before testing it using real data, we firstly
applied it to a synthetic data set (Tsantilas & Rovithis 2008). Obviously, if we know the true
solution behind the data set, the program’s efficiency can be easily estimated. The data set
presents a modulation in amplitude and frequency and includes random error. The excellent
VSAA fit is presented in Fig.2a.
Application to the orbital period variation of AB And
The purpose was to analyze the quasi-periodic modulation of the orbital period variation
of the AB And and to assign it to a single magnetic Applegate’s mechanism. Taking the
actual period variation, we firstly subtracted the secular increase produced probably by mass
transfer. Therefore, the remaining signal, which is symmetric with respect to the x-axis (a
prerequisite for the VSAA, as it is for the Fourier Transform also), could be triggered by the









where all symbols have their usual meaning; so: M and R denote the mass and the radius of
the active star respectively, a stands for the two components separation, B is the intensity
of the magnetic field, ΔP and Pmod are the amplitude and the period respectively, reported
by the VSAA.
Applying the VSAA to this set of data, we acquire the time-dependent frequency and
amplitude modulation presented in Fig.2b. Also, with the VSAA and using equation (2), we
were able to describe the actual variation of the subsurface magnetic field of the primary
component of AB And.
Figure 2: a. VSAA fit on a synthetic data set. b. Period and amplitude variation of the orbital period of
the AB And binary
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Figure 3: a. Blazhko amplitude and period variation b. Sunspot number period variation
Application to the Blazhko effect of RR Lyr
Given that the mechanism behind the Blazhko effect is not clarified yet, a single-mechanism
analysis with the VSAA would be of great interest. As input we used a time-series consisting
of the maxima of the RR Lyr light curves from the 2004 survey (Kolenberg et al. 2006)
with the addition of some new data from 2006. The resulting Blazhko period and amplitude
modulation is presented in Fig.3a. One can observe a smooth variation of the Blazhko period
around 38.97 days, while the amplitude demonstrates a second-order sinusoidal modulation.
These results are in excellent agreement with previous reports, but offer an additional time-
depended insight of the phenomenon.
Application to Wolf’s sunspot number
Finally, we applied the VSAA method to the Wolf’s sunspot number (Reindel et al. 2008).
We used data from the National Geophysical Data Center1. The resulting sunspot number
period variation can be seen in Fig.3b. A remarkable result from this analysis reflects to the
well-known eleven-year solar cycle; for decades, it has been established by various researchers
that this cycle is not constant, but presents a certain variability. With the aid of the VSAA,
this variability can be traced accurately. Another very interesting aspect of the method is that
because the resulting frequency and amplitude are functions of time, we can always have the
more recent information about the future trend of the data set. So, the VSAA can be used
in order to predict the future maximum of the solar cycle, which can be of great importance.
Conclusions
The VSAA can be used very efficiently in many fields of Astrophysics, in order to find non-
constant periodicities in time series signals, with the condition that we know (or suspect) that
the data set is produced by a single mechanism. The VSAA code, manual and examples, can
be downloaded via http at: http://users.uoa.gr/∼stsant/VSAA.htm
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DISCUSSION
Guzik: Are you able to apply this method to predict sunspots? What would you learn about the
mechanism of sunspot formation if this method works?
Tsantilas: Yes! Because of the time sensitivity of the method, it is possible to predict the sunspot number
variations. I’m not sure about the level of accuracy of the prediction. Every prediction is risky! I am
confident that we can acquire a good picture of what will happen. The output of the code is frequency,
f , and amplitude, A, of variations. So, we can compute the A/f ratio.
Michel: What is your justification for fixing the phase shift?
Tsantilas: I have a version in which the phase shift can be variable. Since the solutions in this version are
less robust, I consider it better to have the phase shift locked. Also because of the correlation between
phase shift and frequency, I believe that the phase shift should be kept fixed.
Baudin: If the phase parameter is kept free, there certainly are some concerns about the uniqueness of
the solution.
Tsantilas: Yes, and that is one of the reasons that led us to keep phase shift fixed!
Guenther: Poincare´ has shown that in nonlinear systems, to 1st order, only amplitudes and frequencies
change. The phase change is a higher order effect, exactly as you have found.
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Abstract
Sun-like oscillations, that is p-modes excited stochastically by convective noise, have now
been observed in a number of Red Giant stars. Compared to those seen in the Sun, these
modes are of large amplitude and long period, making the oscillations attractive prospects
for observation. However, the low Q-factor of these modes, and issues relating to the rising
background at low frequencies, present some interesting challenges for identifying modes and
determining the related asteroseismic parameters.
We report on the analysis procedure adopted for peak-bagging by our group at Birming-
ham, and the techniques used to robustly ensure these are not a product of noise. I also
show results from a number of giants extracted from multi-year observations with the SMEI
instrument.
Individual Objects: Arcturus, β UMi
Context
Sun-like oscillations - that is to say p modes stochastically excited by convective noise - have
now been observed in a number of K-class Red Giant stars (Tarrant et al., 2007, 2008a,
Stello et al. 2008). Being of comparably large amplitude relative to other Sun-like oscillators,
these oscillations are readily observable. However, the long time series required for the reso-
lution of individual modes is prohibitive for many instruments. Table 1 presents a comparison
between the properties of oscillations in the Sun and the range of values expected for a typical
K-class giant, based upon the scaling laws of Kjeldsen and Bedding (1995).
In the following sections we discuss the observation of oscillations in K-class giant stars
in the context of the study using the SMEI instrument.
Table 1: Comparison of the fundamental parameters of the sun and a K-class giant star.
Sun K-class giant










νmax, (μHz) 3050 0–40
Δν, (μHz) 134.9 0–6
(δL/L)700nm , (ppm) 3.7±0.2 100–2000
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The SMEI instrument
The Solar Mass Ejection Imager (SMEI) instrument (Jackson et al., 2004) is aboard the Cori-
olis satellite. This satellite occupies a Sun-synchronous polar orbit of period ∼ 101 minutes,
lying along the day-night terminator. Coriolis was launched on 2003 January 6, entering sci-
ence mode in the spring of that year. The SMEI instrument was designed to detect transient
disturbances in the solar wind by means of imaging Compton scattered light from the free
electrons in the solar wind plasma. By this means it is possible to map the heliosphere from
0.4 AU to the Earth, and evaluate the usefulness of sensing the heliosphere as a tool for space
weather forecasting.
SMEI comprises 3 cameras, each with a field of view of 60× 3 degrees. The cameras are
aligned such that the instantaneous total field of view is a strip of sky of size 170×3 degrees;
a near-complete image of the sky is obtained from data on all three cameras after every orbit.
Individual images – which are made from 10 stacked exposures, with a total integration time
of about 40 s – occupy an arc-shaped 1242×256-pixel section of each 1272×576-pixel CCD.
Observations are made in white light, and the spectral response of the cameras is very broad,
extending from ∼ 500 to ∼ 900 nm, with a peak at about 700 nm. Here, we give a brief
summary of the main steps of the data analysis pipeline used to generate the light curves.
Poor-quality frames having high background are first excluded from any further processing.
Processing of the good frames begins with subtraction of bias, calculated from overscan
regions at the edges of each frame, and a temperature-scaled dark-current signal. The frames
are then flat fielded and spurious signals from cosmic ray hits are removed from the images.
The Camera #2 data suffer from some stray light, and further cleaning of these data is
performed to minimize the stray-light contribution (Buffington, private communication). The
stray-light problem is concentrated in a small number of pixels on the CCD.
Once the images have been cleaned aperture photometry is performed with a modified
version of the DAOPHOT routines (Stetsen 1987). The target star is tracked, and its light
curve is corrected for the degradation of the CCD over the course of the mission, and a
position-dependent correction is applied to compensate for variation of the Point Spread
Function (PSF) across the frames. When the star lies within the field of view of one of the
cameras, a single photometric measurement of its intensity is therefore obtained once every
orbit.
In addition to the work on giant stars reported on later in this report, data from these
images has been used in studying the period and amplitude evolution of Polaris (Spreck-
ley & Stevens, 2008), and in the discovery of new modes of pulsation in gamma Doradus
(Tarrant et al. 2008b).
Issues in analysis
Analysis of time-series data from SMEI is subject to a number of complications and issues,
some of which are universally applicable, and some particular to the instrument itself.
Datasets collected from SMEI show significant artifacts at 1 d−1 and higher harmonics
(as seen in Figure 1). These arise in part as a result of the increased flux of cosmic rays
when the satellite passes above the South Atlantic anomaly. An observation will be made
once a day while the satellite passes through this region, leading to a higher flux of cosmic
rays. As frames with a substantial number of cosmic rays are excluded from the analysis in
the pipeline, this introduces a 1 d−1 periodicity into the window function. In addition, as
the cosmic ray removal process is not perfect, some additional flux from these rays will be
present in the photometry, and will contribute a non-sinusoidal flux variation with period one
day. A final contribution to the daily artifacts may arise from the stray light issue mention
above.
94 Asteroseismology of Red Giant stars
Figure 1: The SMEI periodogram of η Col (HIP 28328, Vmag=3.9). Daily harmonics are prominent at
11.57 μHz and multiples. Here the raw transform is shown in black, and a smoothed spectrum is over
plotted in grey.
The strength of the daily harmonics in the periodogram is dependent upon the location of
a star - for instance the harmonics are of low amplitude in Polaris - and the brightness, with
the features becoming more observable at higher magnitudes. These artifacts at the daily
cycles restrict the ability to identify oscillatory modes in the regions surrounding 1 d−1 and
multiples thereof. Fortunately substantial numbers of K-class giants are expected to have
oscillations at frequencies lower than 1 d−1, so can be easily differentiated from the the daily
harmonics.
In the SMEI data there exists a background which rises steeply at low frequencies, as can
be seen in Figure 1. This background consists of the intrinsic variability of the star associated
with granulation-noise and active regions of the stellar surface, as well as local processes such
as instrumental and photon-shot noise. It is natural to expect that other instruments will
have similar backgrounds, although the contribution of instrument noise will vary between
observatories, and stellar noise manifests differently between observations made in Doppler
velocity and photometry.
A large number of the K-class giant stars are predicted to show oscillations below a few
μHz, that is to say in the region where the background begins to rise rapidly. As the statistical
tests (see below) for the significance of a feature depend strongly upon the fitted background
within the region of a mode, it is essential to accurately model the background noise. As the
excess power associated with the modes will itself raise the apparent background level, the
region in which excess power is observed may need to be excluded in determining an accurate
model of the background.
Considering cases where the modes may be resolved, for many stars the large frequency
spacings are predicted to be small, of the order of 1 microhertz. This indicated that a
lengthy period of observations is required to resolve the individual peaks of a spectrum. A
final issue arises from the lifetimes of modes in giant stars, as manifested in the width of a
peak in frequency space. There appears to be an approximate empirical relationship between
the Quality-factor (defined here as the frequency divided by the full width at half maximum
[FWHM]), and the period of the oscillations (see Figure 2). Considering periods of the giant
stars under study, we find that the quality factor for modes can be anticipated to be of
the order of 10 to 100, and the FWHM will therefore be of the order of a few tenths of a
microhertz. As this width is comparable in size to the expected large frequency separation,
we should expect the spectrum to appear very crowded if a significant number of modes are
present. In certain cases, this may lead to individual modes being unresolvable. The broad
FWHM of these oscillations mean power will be spread across multiple bins in a periodogram.
This may mean that no single bin achieves a significant signal-to-noise. In this case, other
statistical tests which consider power in multiple bins within a range, e.g., as described below,
may be appropriate.
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Figure 2: The apparent quality-period relation seen in Sun-like oscillations. The line is a linear fit in
log-log space, excluding the theoretical value for ξ Hya. Unlabeled points are two determinations for the
Sun using GOLF and BiSON data, and determinations at multiple frequencies for α Cen A and B. (Using
values taken from Barban et al. (2007), Bedding et al. (2005), Carrier et al (2007), Houdek and Gough
(2002), Kjeldsen et al. (2005) and references therein, Stello et al. (2006), and Tarrant et al. (2007, 2008a))
Analysis Techniques
We first wish to identify the region of excess power (i.e., where the modes are located) in the
spectrum, in order that the region can be excluded from the fitting to the background and an
estimate of the background level, unprejudiced by the excess power, is derived. We first fit
an initial background to the periodogram, choosing one of three models for the background:
1. A power law model of the form P (ν) = a + bν−c, reflecting for instance a Brownian
noise source.
2. A Harvey model of noise with a memory, consisting of a background and a single
component of the form 2σ2τ/(1 + (2πτν)2), reflecting for instance noise associated
with stellar granulation.
3. A Harvey model of noise with memory, consisting of a background and two components,
each modelled as in (2), reflecting for instance contributions of both granulation and
active regions.
The best fitting background (as determined by likelihood maximisation) is then compared
with a smoothed representation of the data, in which the data has been smoothed using a
filter consisting of a Gaussian with a FWHM of twice the expected large frequency spacing.
Any excess of power will thus be visible as a region where the smoothed profile rises above
the background power.
Having thence determined the region in which an excess power is to be found, the back-
ground is recomputed with this region excluded from the fitting, again using the three models
of the background above. This new background is used to provide the local background level
required by the statistical tests described below, and any features which these tests highlight
as being significant at a 1% criterion across a range of tests are noted as possible modes.
We fit to these features using the full resonant profile of a mode rather than the Lorentzian
approximation, as here the Quality-factor is low and this may have an appreciable effect upon
the determined mode parameters.
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As a final check, and to determine the errors upon fitted values, which may be under-
estimated by the formal errors, we run a number of simulations of the data, in which we
test whether the effects of the window function can reproduce features in the background
comparable in significance to those observed.
Statistical Tests
We analyze data by testing whether features can be explained as being a product of a
Gaussian-distributed white-noise background. Under these circumstances the normalised
power - that is the power over the mean - in a given bin will follow a negative exponen-
tial distribution (chi-squared with two degrees of freedom). Where the background is not
white, periodogram data can be ’whitened’ in the frequency domain by dividing throughout
by a model of the local background power.
A number of complementary tests can be applied to data to assess whether a given feature
shows a significant deviation of power over the background. The most intuitive of these is
to look for single spikes which exceed a threshold in normalised power. However, in the case
of K-class giants where the widths of peaks are anticipated to be broad, one can expect
for the peaks to be resolved. This opens the possibility of two further tests of significance -
considering the power in two or more adjacent bins, and consideration of whether a significant
number of bins rise above a threshold value within a small frequency range. A description
of the underlying statistics, and how these tests may be applied to periodogram data can be
found in Chaplin et al (2002).
In a number of circumstances it may be appropriate to consider the sum of power over a
number of adjacent bins. This will enable one to detect broad concentrations of power, in
which no single notable spike exists and, when considering ranges greater in size to the large-
frequency spacing, to determine the envelope in which a power excess associated with the
presence of modes exists, even where individual modes within this region may be unresolved.
Results
Using the above procedures we found a single mode in Arcturus (seen in Figure 1) at a
frequency of 3.51 μHz, with an RMS amplitude of 1.23 parts-per-thousand (ppt). These
values are in reasonable agreement with predictions based upon the scaling laws of Kjeldsen
and Bedding (1995), which predict a frequency of νmax = 4.7 ± 1.7 μHz, and an RMS
amplitude of 1.3± 0.6 ppt.
Figure 3: A single significant mode, consistent with scaling laws is seen in Arcturus, while β UMi seems
to show a structure of modes.
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Table 2: Best-fitting estimates of the identified modes in β UMi.
Frequency Width (FWHM, Δ) Height RMS amplitude
(μHz) (μHz) [(ppt)2/μHz] (ppt)
2.44± 0.04 0.2± 0.1 5.4± 2.2 1.3± 0.4
2.92± 0.05 0.2± 0.1 2.8± 1.1 0.9± 0.3
In β UMi two features at 2.44 and 2.92 μHz (seen in Figure 1, and described in Table 2)
are identified as being statistically significant. Based upon the assumption that these are
modes of adjacent radial order, we have determined that these imply a mass for β UMi of
1.3 ± 0.3 M

which differs significantly from evolutionary track and log g mass estimates of
2.2± 0.3 M

and 2.5± 0.9 M

respectively.
We are in the process of analyzing further giant stars for the presence of individual modes,
having noted excesses of power in a number of stars.
Conclusions
The SMEI satellite is a useful tool for observing oscillations in giant stars, although there are
certain issues of which the investigator needs to be aware when approaching the data. The
use of rigorous statistical tests is an important tool in confirming the presence of the broad
features associated with Sun-like oscillations in K-class giant stars.
Given the coverage of the whole sky and long time-series available, SMEI has a valuable
roˆle to play in the observation of asteroseismic oscillations, not only amongst the K-class
giants highlighted here, but also other variables with periods of the order of a few hours to a
few days, for instance gamma Doradus and beta Cephei pulsators.
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Abstract
As the amount of data collected by space-borne asteroseismic instruments (such as CoRoT
and Kepler) increases drastically, it will be useful to have automated processes to extract a
maximum of information from these data. The use of a Bayesian approach could be very help-
ful for this goal. Only a few attempts have been made in this way (e.g. Brewer et al. 2007).
We propose to use Markov Chain Monte Carlo simulations (MCMC) with Metropolis-Hasting
(MH) based algorithms to infer the main stellar oscillation parameters from the power spec-
trum, in the case of solar-like pulsators. Given a number of modes to be fitted, the algorithm
is able to give the best set of parameters (frequency, linewidth, amplitude, rotational split-
ting) corresponding to a chosen input model. We illustrate this algorithm with one of the
first CoRoT targets: HD 49933.
Individual Objects: HD49933
Introduction
Asteroseismology will greatly benefit from the use of data from space-borne instruments.
Indeed, MOST and now CoRoT observe stars as no other instruments have done before with
high quality and duration. One consequence of this abundance of data is the growing cost
of their analysis and higher expectations in terms of inferences on stellar physics. Hence, we
need to develop automatic and robust methods to extract information from the data. The
Bayesian approach seems to be a promising path to reach this aim because of the possibility
to quantitatively take into account a priori information.
A star behaves as a resonance cavity and different modes are excited. These resonances
appear as peaks in the Fourier spectrum of, for example, the stellar photometric variations.
Dealing with solar-like pulsators, we will restrict our analysis to acoustic modes (p modes).
These stochastically excited modes are essentially characterised by a frequency, a lifetime
and an amplitude. For a power spectrum with a χ2 distribution with 2 degrees of freedom,
Duvall & Harvey (1986) derived the likelihood function for a set of fitted parameters θ, given











where N is the number of frequency samples νi. With the Maximum Likelihood Estimator
(MLE) approach, the best set of parameters is derived by maximizing the likelihood function
(Anderson et al. 1990).
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As we want to extract reliably as much information as possible from the data by considering
a priori information, the Bayesian approach is perfectly suited. Recently, more and more
astronomers have begun to use this approach (e.g. Gregory 2005, Parkinson et al. 2006,
Brewer et al. 2007, Carrier et al. 2007) in different domains. Applying Bayes rule, we can
define a posterior probability density function (pdf). As shown by Appourchaux (2007), in






where π(θ|S) is a pdf describing our a priori knowledge on the parameter set θ. This will
be called hereafter the “prior”. The denominator is a normalization constant. If we want to
apply a prior to a particular parameter (or to a subset of parameters) θk , we use the product
rule. Let us define θ = (θk , θk′ ), where, for example θk′ are the amplitudes and θk all the
other parameters. The prior π(θ|S) can be rewritten as
π(θ|S) = π(θk , θk′ |S) = π(θk |S)π(θk′ |θk , S) (3)
Assuming that the prior of θk is independent of the prior of any other parameter, we can
omit the θk dependence on eq.(3) and rewrite eq.(2)
π(θ|y, S) =
π(y|θ, S)π(θk′ |S)π(θk |S)
π(y|S)
(4)
This recipe can be applied as many times as necessary.
In practice, two computation strategies to evaluate the posterior pdf exist:
- Maximum A Posteriori approach (MAP) where we are interested only in the maximum
of eq.(4)
- Sampling methods (essentially MCMC algorithms) that provide all of the information
on the posterior pdf
We choose the second computational approach for its effectiveness. All the MCMC algorithms
consist of a chain of random walks in the parameter space of a function. This allows, MCMC
to sample, for example, a pdf whatever the complexity of the analytical form of the function.
Moreover, compared to gradient methods widely used to find the maximum of a function,
MCMC are insensitive to the departure point in the space of parameters. This means that
the initial θ vector can be set arbitrarily yielding nevertheless a proper sampling around
the maximum. In consequence, if multiple maxima exist, the algorithm will not miss the
true maximum of the function (under some conditions detailed in Section 2). MCMC also
enables numerical integration widely used in the Bayesian approach. Let us introduce some
basic aspects of the MH algorithm (Metropolis et al. 1953, Hastings 1970). Considering an
equilibrium distribution (the function that we want to sample) π(θ), we define a probability
transition function α(θi+1, θi) from an initial parameter set θi to a new proposed set θi+1,
in order to sample the space of parameters




where q(θi |θi+1) is the proposal pdf of transition. Hence, it is related to the step size of
the transition. If q is symmetrical, then the ratio
q(θi+1|θi )
q(θi |θi+1)
reduces to 1. Usually q is
chosen to be a Gaussian distribution. This choice is not necessarily the best but the simplest
one (Roberts & Rosenthal 2001). The quantity α is compared to a uniform random variable
u ∈ [0, 1]. If the ratio
π(θi+1)q(θi+1|θi)
π(θi )q(θi |θi+1)
is greater than 1, the transition from θi to θi+1
is always accepted. Otherwise, the move is accepted with a probability equal to the ratio.
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Algorithm details
a. Choice of the covariance matrix of the proposal distribution
Assuming that the proposal distribution q(θi+1|θi) = N(θi ,Σ) is a Gaussian centered on
θi and of variance Σ, the only parameter that we have to scale is the covariance matrix Σ−1
of this distribution. The choice of Σ−1 affects the acceptance rate and hence the sampling
efficiency. If the acceptance rate is too high, too many transitions are accepted which results
in unnecessarily small steps in the parameter space. The risk of sampling a local maximum
rather than the global pdf is high. A low acceptance rate corresponds to large proposed
step transitions and to an excessively low sampling rate. Following Atchade´ (2006), the best
sampling is obtained for an acceptance rate between 0.2 and 0.5. To have a flexible algorithm,
we choose to use a self-learning process that adapts the covariance matrix according to the
data. Even the correlation between parameters is taken into account (nondiagonal matrix).
It can be argued that this kind of algorithm violates the Markovian nature of the sampling
process. This is true, but, in fact, one can stop the learning process when the acceptance
rate is satisfactory.
b. Parallel tempering
When the posterior pdf has multiple local maxima (e.g. when sampling the sum of 2 Gaussian
distributions), MCMC can be trapped in one of these maxima, especially if they are far from
one another in the parameter space. Indeed, the probability transition α(θi+1, θi) is close
to 0 between two distant maxima. A solution to avoid this problem and to efficiently sample
all of the parameter space was first suggested by Jennison (1993). It consists in launching k
different MCMC in parallel. Each MCMC has a different equilibrium distribution
∀i ∈ [1, k], πi(θ) ∝ π(θ)1/Ti (6)
where Ti is called the temperature of the chain. The higher the temperature is, the lower is the
potential barrier between two local maxima. Applying a temperature is like “stretching” the
distribution of interest (compared to the colder chain π1(θ)). The displacement in the space
parameter are easier at high temperature than at low temperature. We choose a geometrical
law for the temperature profile
Ti = λi−1 (7)
where λ is a scaling factor. At each iteration, j, we mix two adjacent and randomly chosen


















Then all of the values can be discarded except those related to the distribution of interest
(i.e. for π1(θ)). λ is adjusted to ensure an acceptance rate around 50%.
c. Condition to stop the sampling
In the MH algorithm, the number of samples to compute is difficult to set . When can we
assume that all of the region of interest (i.e. where π is not close to zero) of the parameter
space has been visited? This question is still discussed in the literature. Different authors
proposed indicators to stop the sampling (see the review of Brooks & Roberts 1998). The
simplest one consists in monitoring the posterior probability parameters and assuming the
steady state to be reached when the parameter mean value and rms error are stable.
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Physical assertion and Bayesian considerations in the case of solar-like pulsators
For a single mode, the mean power spectrum can be described by a sum of Lorentzian profiles
plus background noise. As we wish to make a global fit including several modes expected in


















where An,l,m, νn,l,m, s, Γn,l,m are the height, the central frequency, the rotational splitting
and the linewidth at half maximum, respectively. B0, B1, B2, p are parameters associated with
the noise profile, chosen to be the sum of Harvey-like profiles plus white noise (Harvey 1985).
In the solar-like pulsator case and in the asymptotic approximation, the central frequency of
a set of modes (n, l) is approximately given by the relation
ν(n, l) ≈ Δν(n + l/2 + )− l(l + 1)D0 (10)
with Δν = νn+1,l − νn,l and D0 are related to the sound speed at differents depths. The
large separation Δν is related to the mean stellar density and D0 to more local properties.
Eq.(10) can be used as a strong prior on the frequency dispersion. Indeed, the large separation
estimation is easy (e.g. from the spectrum autocorrelation) and D0 can be constrained by a
previous modelisation of the star.
Application to HD49933
a. Prior definition
We applied our algorithm to a CoRoT target, HD49933, continuously observed for 60 days.
This star was previously analyzed by Mosser et al. (2005) and more recently by Appour-
chaux et al. (2008). The autocorrelation of the power spectrum gives us a precise estimate
of the large separation: 85.6± 0.8 μHz. We choose a Gaussian prior for the large separation
according to these values. The low S/N ratio prevents a clear detection of the l=2 modes,
even in an echelle diagram. D0 is around 1 μHz (Appourchaux et al. 2006) according to
stellar models. This leads to a frequency difference between l=0 and the neighboring l=2
modes of δ02  6μHz. The tolerance should be large as we do not have a lot of confidence.
So we define a Gaussian prior with δ02 = 6 ± 2.5 μHz.
The a priori information on the rotational splitting is extracted from the very low fre-
quency part of the power spectrum. A peak which is supposed to be due to transiting
structures on the stellar surface appears at 3.4 μHz. We choose a one-σ tolerance of 10% of
this value.
The angle between the line of sight of CoRoT and the star’s rotation axis is an important
parameter for p-mode analysis in the power spectrum, as it affects the relative amplitude of
the split components of nonradial modes (Gizon & Solanki 2003). Estimates (from v.sini
measurement, radius and rotation estimation) give a probable angle of 26 ± 4 ◦, but there
is a substantial discrepancy with the asteroseismological interpretation leading to an angle
between 50 and 62 degrees (Appourchaux et al. 2008). In order to avoid any prejudice, we
decided to use a weak prior: a uniform prior probability, from 15 to 70 degrees.
For all others parameters, the only prior consists in allowing only real positive values. The
defined priors are improper and uniform. Moreover, to increase the fit stability, we fit a single
linewidth by large separation and consider 15 radial orders in the frequency range 1200 -
2600 μHz. Finally, we deal with 81 parameters.
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Figure 1: example of pdf vs. frequency for the CoRoT photometry of HD49933. Left : monomodal
distribution (l = 1). Right : bimodal distribution (l = 2)
Figure 2: echelle diagram. Error bars represent 3-σ errors. On the left l = 1, on the right l = 2 and l = 0
b. Results from the global fit
200000 samples had to be computed before reaching the steady state. The estimated value
for the splitting is 3.0± 0.2 μHz. This suggests a lower rotational velocity for the inner parts
of the star compared to the surface. The inclination is evaluate to be 46 ± 6 ◦. The large
separation is 86.2 ± 0.2 μHz. The values for these three parameters confirm those found by
Appourchaux et al. (2008) using MLE. One of the main differences comes from the frequency
estimation for l = 2 modes. Our values are constrained by the a priori information and avoid
negative δ02 values (see Fig.2). Some parameter pdfs are clearly multimodal (see Fig.1),
especially for the l = 2 mode central frequencies which have amplitudes close to the noise
level (S/N around 1).
Conclusion
We presented an analysis method based on MCMC and Bayesian inference. These methods
show many advantages compared to the more classical one used in asteroseismologic data
analysis: The sampling capabilities of Markov Chains Monte Carlo (MCMC) provide full infor-
mation on the probability density function (pdf) of the parameters and not only a maximum of
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the probability. Hence, a multimodal pdf is not a problem. Moreover, the adaptive capacities
of MCMC permit us to envisage the development of automatic fitting procedures. As shown,
thanks to a priori information, the Bayesian inference has the capacity to extract more real-
istic parameters from data than Maximum Likelihood Estimator approach (MLE). Compared
to a simple likelihood estimator, the reliability is increased. Of course, the data quality is a
limit and we have to be careful not to introduce too strong priors. The results presented for
CoRoT photometry of HD49933 confirm the angle inclination value and rotational splitting
found by the MLE approach. They also show that the pdfs are multimodal in some cases, as
for the l = 2 frequencies and explain the failure of MLE methods to find the true maximum of
probability. The main reason is that the S/N is low, increasing the occurence of multimodal
pdfs.
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Abstract
We review the methods available to perform mode identification from time-series photometric
measurements. Following the developments in time, we discuss the roots of the method, its
basic methodology, extensions and improvements. Suggestions on the optimal choice of
filters to apply the method are quoted and several practical applications are cited, with a
focus on how additional astrophysical information was obtained at the same time. Finally,
some practical considerations concerning observational mode discrimination from photometry
are given, some pitfalls are discussed and a brief glimpse at future space data is made.
Individual Objects: 12 Lac, G226-29, PG 1351+489, 44Tau, ν Eri, θ Oph
Why do we need observational mode identifications?
The goal of any proper asteroseismic study is the gain of knowledge of stellar structure
and evolution. This is facilitated by the comparison of observed pulsational mode spectra
with those predicted by theoretical models. The decisive requirement for any stellar model
that deserves to be called seismic model is its uniqueness: each individual oscillation mode
observed must be identified with its pulsational quantum numbers k,  and m beyond any
doubt, and (within reasonable limits) only one stellar model exists that can explain them all.
Unfortunately, the pulsation modes in real stars do not come labelled with their k,  and m.
In some cases, we are lucky to observe a fairly complete set of pulsational signals over some
range of frequency. Because the frequencies of the stellar eigenmodes are not randomly
distributed, frequency groups that have certain structure (e.g., frequency ratios of radial
modes, equidistantly spaced frequencies/periods of p/g modes, rotationally split frequency
multiplets) can aid the identification of the pulsation modes that cause them. This technique
is called pattern recognition and has been applied successfully to white dwarf stars (e.g.
Winget et al. 1991, 1994).
For most pulsators, the observed mode spectra are too sparse or too complicated (e.g.
if rotationally split patterns of modes with different k and/or  overlap in frequency) to
facilitate pattern recognition. In such cases, we must resort to observational methods that
give additional clues towards  and m. Both photometric and spectroscopic techniques have
been developed for this purpose. Whereas the latter are reviewed by Telting (2008), we will
discuss the photometric methods in what follows.
Numerous excellent reviews on photometric mode identification are present in the litera-
ture, most recently by Daszyn´ska-Daszkiewicz (2008). Because the latest overview articles




Even in the presence of sparse observational mode spectra, it is tempting to apply pattern
recognition methods (also named ”mode identification by magic numbers”, Breger 1989).
One (in)famous example is the β Cephei star 12 Lacertae. Its five dominant pulsation fre-
quencies have been known for a long time (Jerzykiewicz 1978).
Among them, an exactly equally spaced frequency triplet is present, and the obvious
assumption is that it is due to rotational splitting. However, all interpretations in this direction
failed because the splitting was ”too equidistant”. Therefore, hypotheses concerning resonant
mode coupling were invoked to explain this triplet, and several papers were written on the
subject.
Besides the equally spaced triplet, the present author noticed that the frequency ratio of
two of the five then known pulsation modes was consistent with that of radial fundamental
and first overtone mode pulsations - to the fourth digit! This would also solve the dilemma
of the equally spaced triplet as the hypothesized first overtone mode corresponded to one of
the triplet components.
Consequently, a photometric multisite campaign on 12 Lacertae was organized (Han-
dler et al. 2006). From its multicolour data it became clear that the apparent rotationally
split mode triplet consisted of an  = 1, an  = 0, and an  = 2 mode. The suspected radial
modes both turned out to be  = 2. A spectroscopic multisite campaign (Desmet et al. 2008)
confirms these results.
We conclude: apparent recognition of frequency patterns where there are none can lead
to a lot of unnecessary work.
The basic idea
Dziembowski (1977) expressed the flux variations of a nonradially oscillating star mathemat-
ically. He then pointed out that the Baade-Wesselink method (developed to determine the
radii of Cepheids by combining radial velocity and two-colour photometry over the pulsation
cycle) can be used to infer the stellar radius if the spherical harmonic degree  of the oscillation
is known or, vice versa, to infer  if the star’s radius is known.
Buta & Smith (1979) and Balona & Stobie (1979a, b) reformulated Dziembowski’s (1977)
expressions for easier use with observational data and presented the first applications of the
method. In particular, Balona & Stobie (1979b) showed that pulsation modes of different 
separate in a photometric amplitude ratio vs. phase shift diagram.
Robinson et al. (1982) adapted the calculations to the light variations of pulsating white
dwarf stars and refined the method by including stellar model atmospheres, replacing the
previously used blackbody spectral distributions or empirical colour-brightness relations, and
at the same time providing a more realistic limb-darkening law. This work had two important
”side” results: first, Robinson et al. (1982) showed that the oscillations of white dwarf stars
are caused by g-mode (as opposed to r-mode) pulsation and second, that these are due
temperature variations only.
General considerations and optimal use of the method
Watson (1988) explored the behaviour of photometric amplitudes and phases for a large
variety of pulsating star models. He started with the expression for the flux change for
nonradial pulsation in the linear regime:
Δm(λ, t) = −1.086P,|m|(μ0)((T1 + T2) cos(ωt + ψT ) + (T3 + T4 + T5)cos(ωt)),
where Δm(λ, t) is the time and wavelength dependent magnitude variation of an oscillation,
−1.086 is an amplitude parameter transformed from fluxes to magnitudes, P,|m| is the
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associated Lagrange polynomial, μ0 is the cosine of the inclination of the stellar pulsation
axis with respect to the observer, ω is the angular pulsation frequency, t is time and ψT
is the phase lag between the changes in temperature and local geometry. The term T1 is
the local temperature change on the stellar surface, T2 is the temperature-dependent limb
darkening variation, T3 is the local geometry change on the stellar surface, T4 is the local
surface pressure change and T5 is the gravity-dependent limb darkening variation.
The relative importance of the Ti terms was evaluated for models of different types of
pulsators, ranging from white dwarf to R CrB stars, Miras and Cepheids, δ Scuti and β Cephei
stars, as well as solar-like oscillators and roAp stars. For instance, the geometry term was
found to be of virtually no importance for the high radial overtone pulsators (Watson 1988).
The results of this work allow an optimal choice of photometric filters for efficient mode
discrimination: one wants to observe at one wavelength where the geometry variation is
significant, while the temperature term is well constrained at the same time.
Finally, Watson (1988) computed ”areas of interest” in amplitude ratio vs. phase shift
diagrams, i.e. the loci in which modes of a given  would be contained (also called ”diagnostic
diagrams” in the literature). Such diagrams are still in use for mode identification today.
Adaptations, extensions, improvements and additional astrophysics
After this very broad work, specialists on various classes of pulsators took the stage.
Garrido et al. (1990) performed computations of diagnostic diagrams for δ Scuti stars in the
Stro¨mgren photometric system, trying to find the most efficient filter combinations for mode
identification (using two filters, v and y seem to be best). Later, Heynderickx et al. (1994)
tested β Cephei models in the Geneva and Walraven systems, finding that the mode discrim-
ination is best done via the evaluation of amplitude ratios, and that knowledge of ultraviolet
amplitudes is crucial.
Cugier et al. (1994), also examining models of β Cephei stars, performed nonadiabatic
calculations of photometric and radial velocity amplitude variations and phase shifts for the
first time. Their results implied that these parameters may be dependent on stellar mass and
that discrimination of the overtone of radial modes may also be possible.
An apparent setback for mode identification of δ Scuti stars was discussed by
Balona & Evers (1999): the shallow convection zones of these stars affect the theoretical
predictions of the photometric observables, depending on the assumed convective efficiency.
However, Daszyn´ska-Daszkiewicz et al. (2003) realized that this dependence may be turned
into an asset: when introducing a suitable third filter into the observations, one can constrain
the convective efficiency simultaneously with obtaining pulsational mode identifications. In
other words, one can learn additional physics when applying the photometric method.
The photometric method has been extended further and further in the recent past. For
instance, Garrido (2000) modernized Watson’s (1988) work with a focus on δ Scuti stars,
and presented diagnostic diagrams for γ Doradus stars for the first time. Balona et al. (2001)
pointed out that the incorporation of Johnson I filter data greatly improves the relative
accuracy of the measured phase shifts and therefore provided clearer mode discrimination for
δ Scuti stars.
On the side of theory, Townsend (2003) and Daszyn´ska-Daszkiewicz et al. (2007) formu-
lated the method for gravity modes in rapidly rotating stars, where rotation can no longer
be treated with a perturbation approach. Dupret et al. (2005) included their time-dependent
convection model to derive mode identifications for δ Scuti stars, and later applied it to
γ Doradus stars as well (Dupret et al. 2006).
Daszyn´ska-Daszkiewicz et al. (2005) combined the photometric method with radial veloc-
ity data, and suggested a χ2-test (Daszyn´ska-Daszkiewicz et al. 2003) for mode discrimination
in the combined measurements. This increases the objectivity of the process: previously, iden-
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tifications were obtained by visual inspection of the amplitude/phase vs. wavelength behaviour
and often critically depended on the wavelength of the normalization, which could sometimes
mislead the eye.
The potential of photometric mode identification has also been recognized for the pulsating
subdwarf B stars (Randall et al. 2005). These authors computed amplitude ratios and phase
shifts for a wide range of parameter space, including long- and short-period sdB pulsators
as well as nonadiabatic effects, and examined the systematics thoroughly. Similar to the
β Cephei stars, that are similar in temperature to the sdB oscillators, amplitude ratios are
the observational quantity most sensitive to , but data of high accuracy are required and
discrimination between the modes of  ≤ 2 is difficult to obtain.
Applications to different types of pulsators
Starting with the pulsating white dwarf stars, it must be mentioned that limb darkening is by
far the strongest contributing factor to the wavelength dependence of pulsation amplitudes.
Ultraviolet measurements are necessary to achieve good mode discrimination. Combining
ground-based photometry and ultraviolet spectroscopy from the HST, Kepler et al. (2000)
derived mode identifications for the DA white dwarf star G226-29, and at the same time
determined its Teff and log g by combining the amplitude information from all modes. In
the same paper, Kepler et al. (2000) could not find a unique  assignment for the strongest
mode of the DB pulsator PG 1351+489, but resolved the ambiguity by considering the
spectroscopic log g value of the star. These two examples again illustrate that additional
astrophysical information can be obtained when applying mode identification methods.
Along similar lines, the potential to learn something about surface convection using mul-
ticolour data on δ Scuti stars has already been pointed out. In their study of 44 Tau,
Lenz et al. (2008) identified several low- modes, and at the same time constrained the
mixing length parameter with αMLT ≤ 0.2 within their treatment of surface convection.
As a final example, Pamyatnykh et al. (2004) used their knowledge of the radial mode
detected in the β Cephei star ν Eridani, combined with the frequencies of the three  = 1
triplets, to constrain the star’s position in the HR diagram and to obtain a tight constraint
on the convective core overshooting parameter.
Practical considerations, pitfalls and space data
The reader should not get the impression that observational identifications of all observed pul-
sation modes of any given star are required for successful asteroseismology. It is just necessary
to identify a sufficient number of modes to rule out all possible alternative interpretations
and models.
As another example, seven pulsation modes were detected for the β Cephei star θ Ophiuchi
(Handler et al. 2005), but only four of them had unique determinations of  from photometry.
However, these identifications sufficed to tag all modes as: one radial mode, a rotationally
split  = 1 triplet, and three components of a rotationally split  = 2 quintuplet, with an
ambiguity which m the observed components would have. Spectroscopy came to the rescue
(Briquet et al. 2005): with the photometric  values, parameter space could be sufficiently
restricted to obtain m for the strongest  = 2 mode.
The problem that misinterpretations of mode identification diagrams can be caused by
visual inspection has already been mentioned. Another problem one must be aware of is
the accuracy of the underlying data. Examinations of multisite time series photometry sug-
gest that formal error estimates may underestimate the real errors by about a factor of 2
(Handler et al. 2000, Jerzykiewicz et al. 2005), probably a consequence of correlated noise.
However, when considering amplitude ratios and phase shifts between different filters, at least
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part of the correlated noise may cancel and therefore the formal error estimates may not be
too far from the truth (Breger 2008). In any case, the use of more than two photometric
filters may help to investigate the possible occurrence of systematic errors.
Asteroseismology puts enormous hope on dedicated space missions, which will yield (and
do already yield) time-resolved photometry of extremely high precision. However, the presently
active asteroseismic space missions operate in a single colour only, and the colour information
of CoRoT in the exoplanet fields is crude. This means that asteroseismic modelling may still
be difficult despite a wealth of frequency information. The first space mission that will be able
to provide accurate colour information is BRITE-Constellation (e.g. Zwintz & Kaiser 2008)
that hopefully will have been launched when these proceedings are published; Daszyn´ska-
Daszkiewicz (2008) thoroughly examined the prospects of mode identification with BRITE-
Constellation.
Some (trivial) conclusions
Photometric mode identification methods have now matured to a point where they can be
widely applied to different classes of pulsators. Successes have been obtained for pulsating
white dwarf and subdwarf stars, and along the main sequence for γ Doradus, δ Scuti, SPB
and β Cephei stars. In several cases, interesting astrophysical information has been obtained
as a ”by-product” such as that white dwarf pulsate in g modes rather than in r modes,
constraints on the efficiency of surface convection of δ Scuti stars were found, and Teff and
log g determinations were made for some stars.
The choice of the most suitable set of filters for mode identification is a crucial point in
planning observations; at one wavelength the geometry variation should be significant, and
the temperature variation should be well constrained in the combination with a second filter
(Watson 1988).
To be able to estimate the possible effects of systematic measurement errors, redun-
dancy should be sought, i.e. a third photometric filter would aid the reliability of the mode
identification and can, in some cases, provide additional astrophysical information. External
constraints, such as temperature or gravity estimates of the target object, can also assist in
the correct mode identification. Finally, if feasible, photometric mode identification should go
hand in hand with spectroscopic observations to provide the largest possible set of information
to the asteroseismologist.
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DISCUSSION
Zahn: Have there been recent determinations of internal rotation profiles, using multiple modes?
Handler: There is convincing evidence for differential rotation in a number of β Cep stars, but we have
too small a number of modes to obtain something that deserves the name ”rotation profile”.
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Abstract
Asteroseismology relies on accurate observational mode identification. High-resolution spec-
troscopy allows to detect such crucial information as the pulsational degree , the azimuthal
number m, and pulsation amplitudes, directly from time series of observations. The advan-
tage of using both standard photometric techniques and high-resolution spectroscopy is that
not only pulsational temperature variations can be detected, but also the pulsational velocity
field, yielding valuable extra information.
In this paper I review the spectroscopic mode-identification methods that have been developed
over the last decades, with emphasis on the application to hot stars.
Individual Objects: Balloon090100001
Introduction
The study of stellar pulsations provides a promising tool to further refine our knowledge of the
internal structure of stars. Provided that one can conclusively derive pulsational parameters
from the observations, asteroseismology can constrain stellar structure and evolution models.
In general, there are two complementary and independent methods to derive observational
mode identifications:
• photometric/spectroscopic amplitude ratios, a technique that probes the pulsational
variations of temperature, gravity, and more recently also radial velocity, and that aims
to derive the degree  of the modes.
• line-profile variability, a technique that probes the 3D pulsational velocity field, and that
aims to derive the degree  and the azimuthal number m of the modes.
It has become evident that the most conclusive results have been obtained from applying
both methods simultaneously. Here I will focus on the topic of spectroscopic mode identifi-
cation; see Handler (2008) for a review on photometric methods.
The theory of nonradial pulsation was developed by Lord Kelvin (Thomson 1863) before
that of radial pulsation. Through the interest in Cepheids, the theory of radial pulsation
made a lot of progress in the first half of the previous century; the lack of applicability
kept the development of nonradial oscillation theory at a slow pace. It was only in the
1950’s that Ledoux (1951) suggested that the observed variability in the broadening of the
spectral lines of β CMa (a prototype of the β Cephei variables) is due to nonradial pulsations.
Osaki (1971) calculated line profiles of nonradially pulsating stars and compared them with
observations available at that time. With the work of Smith (1977), who used a similar model
to fit line-profile variations, the field of spectroscopic pulsation-mode identification got off
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the ground. Furthermore, the work of Vogt & Penrod (1983) sparked the application of the
Doppler-imaging technique for spectroscopic mode identification.
All over the Hertzsprung-Russell diagram there are types of stars that pulsate in nonradial
modes. The mode identification methods discussed in this paper are mostly based on high-
resolution spectroscopy and are typically applied to early-type stars, such as δ Scuti variables
and β Cephei variables. These stars have apparent pulsation periods of about 20 minutes
to a few hours, and with the present observing facilities harmonic degrees up to  ∼20 can
be derived spectroscopically (Doppler imaging). More recently, applications to longer-period
g-mode pulsators such as γ Doradus stars and Slowly Pulsating B-stars have been presented
in the literature. Very recently high-resolution spectroscopy has been applied to the relatively
faint subdwarf B stars, which have pulsation periods of a couple of minutes to hours, for
pulsation-mode identification (see next sections).
Even for DAV white dwarfs, it has been shown that the harmonic degree can be identified
using time-series of low-resolution spectroscopy (see next sections).
Excellent in-depth reviews on modern analysis methods for spectroscopic pulsation-mode
identification were presented by Aerts & Eyer (2000), Balona (2000), and Mantegazza (2000).
The aim of this current paper is to list the latest developments since the review presented by
Telting (2003).
High-resolution spectroscopy for pulsation-mode identification
Stellar pulsations are reflected as line-profile variations in absorption lines formed in the pho-
tosphere. For slowly-rotating stars, modes with  <
∼
4 give rise to detectable line-profile varia-
tions. In rotating stars, where the Doppler-imaging principle applies, the line-profile variations
due to nonradial pulsations appear as blue-to-red moving bumps (Vogt & Penrod 1983), and
modes with  <
∼
20 can be detected. In general, the line-profile variations are caused by the
stellar pulsational velocity field, and by the photospheric pulsational temperature variations.
Effects induced by local surface gravity variations are usually neglected, which is a valid as-
sumption if hydrogen lines are not used in the analysis, nor any other lines near the cores of
the hydrogen lines.
The temperature variations give rise to local changes in brightness, and to local changes
of the equivalent width (EW) of the intrinsic stellar line profile (e.g. Buta & Smith 1979,
Lee et al. 1992). For absorption lines with low thermal broadening and small intrinsic EW
variations the pulsational line-profile variations are dominated by velocity effects, implying
that thermal pulsational effects may be neglected in the modelling of the profile variations.
Such absorption lines provide the ideal case, as the 3D pulsational velocity field is relatively
simple to model (see e.g. Schrijvers & Telting 1999), and allows to derive both the degree 
of the mode as well as the azimuthal number m of the mode.
In rotating stars, the pulsational velocity field cannot be described by a single spherical
harmonic. In the case of slow rotation, toroidal terms are induced due to the Coriolis force
(e.g. Aerts & Waelkens 1993); in the case that the pulsation frequency in the corotating
frame, ωcor, is comparable to the rotation frequency, Ω, a whole series of spherical harmonic
functions is needed to describe an eigenfunction (Lee & Saio 1990, Townsend 1997).
A further complication in the interpretation of line-profile variations is that the inclination
angle of the star, i, is generally not known. Other parameters that play a role in the appearance
of the line-profile variations are: the limb-darkening coefficient, the intrinsic profile width,
the equatorial rotational velocity, the ratio of horizontal to vertical pulsational motion, the
amplitude of the local brightness variations, the amplitude of the local equivalent width
variations, and the non-adiabatic phase lag between velocity and temperature variations. Not
all of these are free parameters: some parameters depend on the value of others, and some
can be modelled with line-profile synthesis codes and with non-adiabatic pulsation codes.
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Figure 1: Line profiles at one particular phase of an (=3,|m|=3) and a (=4,|m|=3) (right) mode. All
other stellar and pulsational parameters, except the pulsation amplitude, are the same. It is evident that
for pole-on inclinations (here I used i=35o) the pulsationally distorted line profiles of (,m) and (+1,m)
modes look very similar.
Nevertheless, it is clear that in order to get reliable values for the three parameters that one
wants to obtain from high-resolution spectroscopy, the degree , the azimuthal number m,
and the pulsational velocity amplitude, one has to perform a very careful analysis on a data
set with high signal-to-noise ratio. Depending on the line-profile shape, the degree of the
mode, and the identification method that one uses, a spectral resolution of R=20000–60000
is sufficient for mode-identification. Doppler imaging and profile-fitting methods used for
modes with high  values require the highest spectral resolution. The ideal data set is such
that one-day aliasing does not play a role, and that all the intrinsic frequencies as well as the
harmonic, sum and beat frequencies, that are caused by the non-linear mapping of the stellar
variations onto the line profiles, are unambiguously resolved. In reality, most data sets are far
from ideal, but experience has shown that from the best data sets we are able to estimate
values of  and |m| with an accuracy of ±1 or better. For any mode-ID method based on line-
profile variations it is difficult to distinguish a mode (,m) from a mode (+1,m), especially
for pole-on orientations of the symmetry axis of the mode (see Figure 1).
High-resolution spectroscopy: new developments of mode-ID methods
I refer to the review presented by Telting (2003) for a general and less concise description of the
most-used spectral analysis and mode-identification techniques (Moment Method, Doppler
imaging, IPS/PPM method, etc.). It is important to realise that many implementations of
these methods still rely on a simple description of the pulsational-velocity field of a non-
rotating star, possibly without accounting for the pulsational temperature/gravity effects
mentioned above. Therefore it is crucial to select the best absorption lines, i.e. those lines
that are not affected by these effects, typically lines of elements heavier than Helium.
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The Moment Method (MM, see e.g. Balona 1986, Aerts 1996) analyses the velocity
moments of the line profiles; moment variations are detectable for modes with  <
∼
4. The
MM is more sensitive to zonal modes (m=0) than to sectoral modes (|m|=).
The IPS/PPM method (see e.g. Gies & Kullavanijaya 1988; Telting & Schrijvers 1997)
analyses the intensity variations (or bumps) across the line profile; bumps can be seen for
modes with  <
∼
20. The IPS/PPM method is more sensitive to sectoral modes than to zonal
modes. The latter implies that the MM and IPS/PPM methods are complementary to each
other, and should both be applied in order to get the best results.
Special attention has to be given here to the latest extension of the IPS method by
Zima (2006ab), who applied the new method to identify numerous modes in the δ Scuti
star FG Vir. Zima has developed an elaborate fitting method (the FPF method), to fit the
amplitude and phase diagrams that together form the prime diagnostic of the IPS method.
Furthermore, the FPF method is available as part of the freely accessible FAMIAS package
(Zima 2008), which also comprises an implementation of the MM method.
A recent refinement to the Moment Method, to account for multi-periodicity in the MM,
was presented by Briquet & Aerts (2003) who applied the improved method to the multi-
periodic stars: β Cru, EN Lac, HD 74195. Kochukhov (2005) discussed the MM for the
case of oblique pulsators. Schoenaers & Lynas-Gray (2008) introduced the synthetic moment
method (SMM), to account for pulsational temperature/gravity effects in sdB-star atmo-
spheres, and in particular for the g-mode pulsating subdwarf HD 4539.
Kochukhov (2004) developed a method to make Doppler-Imaging maps of surface-velocity
fields, and found for the bright roAp star HR 3831 that the LPV are due to oblique axisym-
metric =1 modes.
Low-resolution spectroscopy for pulsation-mode identification
Low-resolution spectroscopy can be used for pulsation-mode identification, aiming to derive
the pulsational degree  of the mode. Information on the azimuthal number m and the
inclination of the symmetry axis of the mode (usually the stellar rotation axis) cannot be
derived from low-resolution spectroscopy. Some newly developed methods have been applied
recently.
As presented by Daszyn´ska-Daszkiewicz (2005) for the β Cep stars δ Cet and ν Eri, radial-
velocity measurements obtained from time series of low-resolution spectroscopy, obtained
simultaneously with the photometric data, can be used to drastically improve the diagnostic
value of the photometric mode-ID methods.
Clemens et al. (2000) measured chromatic amplitudes (pulsation amplitude at each wave-
length bin) across the hydrogen Balmer lines in the DAV white dwarf G29-38, and demon-
strated that spectral variations can indeed be used to identify the spherical degree. Using this
method, Thompson et al. (2008) find that 4 out of 11 spectroscopically identified modes in
G29-38 have  >1.
A recent application: the subdwarf B star Balloon090100001
Telting et al. (2008) obtained time series of high-resolution spectroscopy on the relatively
bright (V=12.1) pulsating subdwarf B star Balloon090100001, in 2006 at the Nordic Optical
Telescope. The dominant mode in this star has a pulsation period of 356 seconds, and a
radial-velocity amplitude of about 14.5 km/s (in 2006). After folding the individual spectra to
pulsational phase, and after combining the pulsational variations of about 60 heavy-element
absorption lines, the resulting combined profiles have high enough signal-to-noise ratio for
mode identification (see Figure 2).
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Figure 2: Best-fit radial pulsation model (left), and best-fit =2 model (right), overplotted on processed
time-resolved high-resolution spectra of the pulsating subdwarf Balloon09010000 (V=12.1). Pulsational
phase is running upwards, and the average spectrum is plotted at the top. The model on the right does
not fit the data as good as the model on the left. Based on such fits, Telting et al. (2008) exclude an 
≥2 origin for the dominant mode in this sdB star.
Based on χ2 minimisation of model fits, Telting et al. (2008) conclusively constrain the
modal parameters of the dominant pulsation in this sdB star, implying the first successful
application of high-resolution spectroscopy for mode-identification in sdB stars. They can
exclude an  ≥2 origin for the dominant mode in this sdB star, which is in good agreement
with the results of photometric mode-identification techniques (Baran et al. 2008; Charpinet
et al. 2008).
Animations for presentations, education and public outreach
Based on the model of the pulsational eigenfunction described in Schrijvers et al. (1997)
and Schrijvers & Telting (1999), I have made a WWW form that allows you to make
a colour animation of a pulsating star with corresponding line-profile variation, i.e. the
animated form of the plots shown in Figure 1. The WWW form allows for many dif-
ferent stellar and pulsational parameters to be specified, and can currently be found at
http://staff.not.iac.es/∼jht/science/nrpform/. Please be patient when using this feature:
the generation of the animation is a bit slow.
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DISCUSSION
Brunt: Your work on an extensive sample of B-type stars shows that 50% or more are variable. However,
in the MOST photometry it is found that more than 50% B stars are non-variable. Is this simply due to
your method being more sensitive to high-l modes?
Telting: That is probably part of the explanation. It is important to note that our sample is full in a
narrow range in spectral type, while the MOST sample includes all B-type stars.
Weiss: A remark concerning the history: The DI-technique was introduced by Armin Deutsch in the
1960’s, developed further by Michel Floquet (Paris) and Vera Khohlova (Moscow) in the 1970’s.
Telting: Thank you for your comment. I did not intend to give the impression that the DI method was
solely developed in the Vogt & Penrod (1983) paper. I only wanted to state the importance of this paper
for mode identification methods.
Michel: I just want to call your attention to a work where we investigate to which extent the moment
method can be applied to solar-like pulsation (see poster).
Telting: Thank you for your comment.
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Abstract
We have obtained high-resolution spectroscopic data of a sample of non-radially pulsating
stars with the HERCULES spectrograph on the 1.0-m telescope at the Mt John University
Observatory in New Zealand. We have developed and used a new technique which cross-
correlates stellar spectra with scaled delta function templates to obtain high signal-to-noise
representative spectral line profiles for further analysis. Using these profiles, and employing
the Fourier Parameter Fit method, we have been able to place constraints on the degree, ,
and azimuthal order, m, of the non-radial pulsation modes in one β Cephei star, V2052 Oph
and two γ Doradus stars, QW Pup and HD139095.
Individual Objects: V2052Oph, QWPup, HD139095
Introduction
Slowly pulsating B stars and γ Dor stars can be considered as the g-mode counterparts of the
β Cep stars and δ Sct stars respectively. The theoretical frequency spectra of g-modes are
much denser compared to those of p-mode pulsators and their pulsation periods are generally
longer (0.3–3.0 d−1). Since most of the g-mode pulsators are multi-periodic, the observed
variations have long beat-periods and are generally rather complex. Hence, large observational
efforts are required for in-depth studies of these stars. Our recent interest has been to develop
an observing programme and various analysis tools to study pulsation modes in a sample of
non-radially pulsators, including the γ Dor and β Cep stars.
Instrumentation and observing programmes at MJUO
Observations at the Mt John University Observatory (MJUO) are carried out with the 1.0-m
telescope equipped with the fibre-fed High Efficiency and Resolution Canterbury University
Large Echelle Spectrograph (HERCULES, Hearnshaw et al. 2002). HERCULES allows stable,
high-precision, high-resolution spectroscopy which is ideal for mode identification of reason-
ably bright (V <8) targets (Pollard et al. 2007). As an example, we have been able to monitor
line profile variations in a V =7.5 star in 30 minutes, with S/N of ∼120–150. Our ability to ac-
quire long sequences of observing time means we are able to undertake interesting single-site
studies of pulsating stars. In addition, the southerly latitude (44◦S) and the useful longitude
(170◦E) means that MJUO can make significant contributions to multi-site spectroscopic
campaigns.
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The scaled delta function cross correlation technique
When carrying out high-resolution spectroscopic observations for asteroseismology, it is im-
portant to obtain a good temporal coverage of the stellar variability whilst maintaining reason-
able S/N. Extensive simulations were carried out to determine which methods of extracting
a high S/N line profile from an echelle spectrum were best. Simulated spectra with different
numbers of lines, line density, line depth, line position, amounts of noise and normalisation
errors were created and the various methods of extracting a representative line profile were
compared with the input line profile using a statistical test. We compared the best single
line profile and the resulting representative lines profiles and found that the scaled delta
function cross-correlation profile performed best and was an excellent representation of the
input line profile. In this method, an object’s spectrum is cross-correlated with a template
of delta functions which are positioned at the correct wavelength and depth of each line
(Wright et al. 2007, Wright 2008), thus optimizing the S/N whilst preserving the scientific
integrity of the stellar line profiles.
It should be noted that this technique is only valid for lines similarly distorted by the
pulsation since we do not wish to add together lines which exhibit different variation with
pulsational phase. We verified that this method was applicable to the γ Dor stars by visually
examining many line profiles from the relevant spectra. In the β Cep star V2052 Oph, the
behaviour of the He I lines and Si III lines were quite different, with the line depths varying
almost in antiphase. Thus, for V2052 Oph, three individual line profiles were examined and
analysed.
Results of the mode identification analysis
Once high S/N stellar line profiles were obtained, the frequencies present in the variation of
the line profiles were determined using the pixel-by-pixel period analysis package included in
the FAMIAS software (Zima 2008). For each frequency, the variations in the observed line
profiles were matched to those in synthetic line profiles for various non-radial modes using
the Fourier Parameter Fit (FPF) method in FAMIAS. We applied this mode identification
analysis to one β Cep star, V2052 Oph, and two γ Dor stars, QW Pup and HD 139095.
The β Cep star V2052 Ophiuchi
V2052 Oph is a B1-2 IV-V β Cep star with two previously identified pulsation modes: an =0
radial mode at f1=7.164 d−1 (Cugier et al. 1994, Heynderickx et al. 1994, Neiner et al. 2003)
and an =3 or 4 non-radial mode at f2=6.82 d−1 (Neiner et al. 2003). V2052 Oph was
observed at MJUO as part of a multi-site campaign organised by Aerts et al. (2004) with
ν Eridani as the primary target. We obtained 88 spectra over the time span of two months
(2004 May–July) with typical exposure times of 10 minutes giving S/N∼200.
Three spectral lines were used in the analysis: a 4553 A˚ Si III line, and two He I lines
at 4713 A˚ and 5876 A˚. Clear profile variations were seen in all lines. Figure 1 shows the
pixel-by-pixel Fourier transform of the 4713 A˚ He I line. From analysing the selected spectral
lines, the consistently detected frequencies were: f1=7.148±0.005 d−1, the rotation frequency
(f2=frot=0.2748±0.03 d−1), twice the rotation frequency (f3=2frot=0.5496±0.03 d−1)
and f4=6.827±0.02 d−1, which can all be associated with frequencies identified
by Neiner et al. (2003).
The FPF mode identification technique (Zima 2006) was then applied to the data. For
the dominant frequency, f1=7.148 d−1, the best fit to the zero point profile and phase and
amplitude across the profile is a =1, m=0 non-radial pulsation mode (see Figure 2). From
the FPF optimization it is clear that f1 is a m=0 mode, though it is less obvious whether
=0, 1 or 2. The =1 mode gives the best fit, but the =0 fit is only marginally worse and
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Figure 1: Pixel-by-pixel frequency analysis applied to the He I 4713 A˚ line in V2052 Oph (main panel).
The top panel shows the mean line profile and the standard deviation. Variations in the line profile are
symmetric about the line core, with maximum deviations in the red and blue wings and little variation in
the line core itself. The mean frequency spectrum (right panel) shows a strong peak at f1=7.148 d−1.
Figure 2: The best fit (solid line) to the line profile zero point, and amplitude and phase across the profile
for frequency f1=7.148 d−1 is an l=1, m=0 non-radial mode.
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is consistent with previous photometry which unambiguously identified this as a radial mode.
We quote =0±1 and m=0 as our final mode identification. The line profile residuals phased
to the f1=7.148 d−1 frequency are in excellent agreement with theoretical profiles, giving us
confidence in the derived best fit parameters and the mode identification.
For the second pulsational frequency at f4=6.827 d−1, the best fit is a non-radial =4,
m=2 mode. Although the best fitting mode was a =4, m=2 mode, the next best fit was an
=4, m=4 mode. After an examination of the best fits for different  and m combinations,
we give a mode identification of l = 4 ± 1 and m = 2 ± 2.
The γ Dor star QW Puppis
QW Pup (HD 5589) has been classified as a γ Dor star by Poretti et al. (1997) based on the
presence of line profile variations in its spectra and the four independent frequencies around
1 day from multi-site photometry. No previous mode identification has been published. We
obtained 179 spectroscopic observations of QW Pup from two sites (MJUO and SAAO, South
Africa) over a time span of two months (2004 Feb–April). Typical exposure times were 15
minutes. We used the scaled delta function cross-correlation technique to define high S/N
line profiles for analysis.
Clear line profile variability was observed in QW Pup (Figure 3). A pixel-by-pixel frequency
analysis was carried out and eight frequencies detected. An examination of the zero point
phase and amplitude fits for the three strongest frequencies (2.122, 2.038, 6.229 d−1) shows
reasonable fits for the first two frequencies and line profile variations consistent with non-radial
pulsations, but a poor fit for the third frequency. We continued with a mode identification
for the first two frequencies. The best fits are for =8, m=6 and =8, m=4 for the 2.122
and 2.038 d−1 frequencies respectively. Although the zero point profile and the phase were
able to be fitted well, the amplitude was fitted less well in all cases. There was more variation
in the extreme wings of the line profile when compared with the theoretical profiles. This is
possibly due to the higher horizontal motions present in g-mode pulsations in the γ Dor stars
or perhaps due to rotational effects. After an examination of the best fits for different  and m
combinations, we give a mode identification of =8±3, m=6±2 and =8±2, m=4±1 for the
2.122 and 2.038 d−1 frequencies respectively.
The γ Dor star HD139095
HD 139095 has been classified as a multiperiodic γ Dor star with a dominant period of
0.634 d−1 from HIPPARCOS photometry (Handler 1999, Henry & Fekel 2002, Handler &
Shobbrook 2002). HD139095 was observed during the campaign for which QW Pup was
the primary target. We obtained 57 spectra over three weeks at SAAO and MJUO. The
analysis methods were very similar to that carried out for QW Pup, using scaled delta function
cross-correlation to define the line profiles for analysis using the FPF software. Line profile
variations were obvious. The pixel-to-pixel Fourier analysis showed many frequencies present
in the dataset, although the data were very noisy, raising the possibility of spurious peaks. A
number of frequencies which showed profile variations consistent with non-radial pulsations
(f1=2.353, f2=9.560, f3=8.638 and f4=10.14 d−1) were used in the FPF analysis. The best
mode for frequency f4=10.14 d−1 was =7±1, m=5±2 whilst the other frequencies had poor
fits and are likely spurious. It is likely that the small quantity and poorer quality of the data
is the main factor limiting the analysis and further, longer baseline and high S/N data will be
required for a more precise analysis.
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Figure 3: The line profile variation for QW Pup. The standard deviation from the mean profile (top), the
set of cross correlation line profiles from SAAO spectra (middle) and the deviations from the mean profile
plotted versus observation number (bottom).
Summary
As part of an observational study of a sample of non-radially pulsating stars, we have de-
veloped and tested a scaled delta function cross-correlation method (Wright et al. 2007,
Wright 2008) which produces high S/N representative line profiles. We present the results
from the subsequent mode identification analysis of one β Cep star and two γ Dor stars using
the FPF method (Zima 2006). The FPF method gives excellent results for the β Cep star,
but some discrepancies are seen in the analysis of the γ Dor stars, possibly due to the greater
horizontal motion present in the g-mode pulsations or perhaps rotational effects. Further
research is in progress.
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Abstract
We studied the δ Scuti star 4 CVn through time-series spectroscopy1 , since photometry alone
is insufficient to provide a unique solution to mode identification. However, the combination
of multifilter photometry and high-resolution spectroscopy, similar to the data we obtained
and analyzed, allows the necessary reliable mode identification. We have obtained 38 nights
of time-series high-resolution spectroscopy at the 2.1m telescope at McDonald Observatory
for 4 CVn. We have done mode identification for five independent frequencies detected by
spectroscopy, which were previously detected with photometric observations.
Individual Objects: 4 CVn
Introduction
Asteroseismology is one of the most powerful tools to study structure and stellar evolution.
Pulsations probe the internal structure of the stars, as every pulsational mode is, in principle,
an independent measurement providing independent information. Even from just one pulsa-
tion mode, we can derive fundamental properties, such as stellar mass for pulsating white
dwarfs (Castanheira & Kepler 2008). However, when many modes are excited and detected,
the structure of a star can be determined in great detail (Dziembowski & Pamyatnykh 2008).
δ Scuti stars are the perfect targets to apply the full power of asteroseismology. These
1.5–2.5M

stars are on and above the main sequence, pulsating in radial and non–radial
p and g–modes with periods between 0.4 and 8h. They are particularly suitable for study-
ing the poorly understood hydrodynamical process occurring in stellar interiors, such as the
extent of convective overshooting, the efficiency and treatment of convection (Daszyn´ska-
Daszkiewicz et al. 2003, Montalba´n & Dupret 2007), rotationally induced mixing of elements,
and the redistribution of the angular momentum. A recent analysis of the solar spectrum
by Asplund et al. (2004, 2005) led to a downward revision of the solar heavy element abun-
dances, destroying the good agreement between the standard solar and helioseismic models.
With the δ Scuti stars, we can test whether the new solar abundances or the seismological
models are problematic. Their understanding is mandatory in constraining theoretical stellar
models.
Finally, δ Scuti stars allow us to investigate why and how some pulsating stars show
strong amplitude and small frequency variabilities. The hypothesis that the beating of two
close modes causes this variability can be tested by the following two predictions it makes.
1Based on observations at McDonald Observatory of The University of Texas at Austin
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First, amplitude and phase variations are related in time, according to beating. Second, due to
cancellation effects, at a given observed frequency, the low- mode (few nodes on the surface)
will be dominant photometrically, but spectroscopically the higher- mode is more likely to
be seen. The first prediction has already been verified for δ Scuti (Breger & Bischof 2002,
Breger & Pamyatnykh 2006) and RR Lyr stars (Guggenberger & Kolenberg 2007), but the
second one requires large aperture telescopes with high-resolution time-series spectroscopy.
That is the hypothesis we are investigating in this work.
There are three fundamental requirements to do seismology of δ Scuti stars. It is neces-
sary to obtain high-accuracy multifilter photometry. We have obtained thousands of hours of
data in the past years with dedicated automatic photoelectric telescopes (Breger et al. 2005),
detecting more than 75 frequencies for some stars. Having detected that many frequen-
cies, sophisticated models of stellar structure and pulsation are necessary. The models com-
puted by our group/collaborators are state-of-the-art and constantly improving (Daszyn´ska-
Daszkiewicz et al. 2005, Dziembowski 2006).
However, frequency information alone is insufficient to constrain all model parameters
required for a unique model fit. Obtaining mode identifications (, m and n quantum num-
bers) for each mode used for seismological studies is the third requirement. Photometry
alone can possibly constrain the  value. Even with near-infinite amounts of photometry, the
models would still not provide a unique solution. Fortunately, the combination of multifilter
photometry and high-resolution spectroscopy allows reliable mode identifications.
Observations and data reduction
We have obtained 38 nights from January to May in 2008 of time-series high-resolution spectra
using the Sandiford Cassegrain Echelle Spectrograph at the Otto Struve 2.1m telescope at
McDonald Observatory. The integration times were between 7 and 15 minutes, depending on
the weather conditions, to achieve S/N>200. The exposure times could not be longer than
these values, because dominant modes have periods between 3 and 5 hours. The average
readout plus the writing time is 32 s.
We used a resolving power of R ∼ 60 000. The grid was centered to ∼ 4 500A˚, because
4 CVn is a fast rotator (v sin i > 120 km/s). Therefore, most of the lines are blended. This
is the best region to observe this star where a few unblended iron lines can be found.
We reduced the data with standard IRAF routines. First, we applied flat field and bias
corrections. The wavelength calibration is a very important step to determine precise line
profile variations. To correct for any variations in wavelength due to the Cassegrain mount,
we took 2 to 3 s ThAr comparison spectra after each science frame.
Data analysis and preliminary mode identification
In the normalized spectral region, the only two lines that were not blended were the Fe II
lines at 4508.2860A˚ and 4549.4790A˚. The lines were converted to Doppler velocities and
averaged out to study the effects of the pulsations in the line profile. The processed data
were analyzed with the Fourier Parameter Fit Method developed by Wolfgang Zima using the
FAMIAS software (Zima 2008).
In our data set, we found five independent pulsation modes. All of these periodicities
have previously been detected by time-series photometry. One of the goals of this project
was to check if the strong amplitude variation observed for 4 CVn could be explained by
high degree () frequencies close to the photometric ones. These high degree modes, due to
cancellation effects, cannot be detected by time-series photometry. However, these modes, if
present, could easily be seen in time-series high-resolution spectroscopy.
Using the FAMIAS software, we identified the most likely solutions for  and m values for
the spectroscopic modes (see Table 1). We are using the convention that m > 0 are prograde
and m < 0 are retrograde.
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Table 1: List of modes detected spectroscopically and the minima in χ2 for the best  and m solutions.
Photometric frequencies Periodicity (cd−1)  m χ2
f5=5.8498 5.852 1 1 4.48
2 1 4.65
f2=7.3760 7.374 2 -1 3.05
1 -1 4.44
f3=5.0480 5.044 1 -1 3.32
2 -1 3.34
f1=8.5943 8.596 2 1 1.042
1 1 1.270
f8=6.9764 6.976 2 0 0.645
0 0 0.697
1 0 0.702
Because our data were obtained in only one site, we cannot look for pulsational frequencies
smaller than one cycle per day nor multiples. The integration times of ≤ 15 min, the minimum
to achieve the necessary signal–to–noise for mode identification (see Zima 2006 for details),
do not allow us to look for frequencies larger than 48 cycles per day. From time-series
photometry, the dominant modes are in the frequency range between 4 and 9 cd−1.
For the five frequencies detected spectroscopically, we were able to univocally determine
the m value.
Preliminary results
Having detected and identified five modes, these will be used to constrain the models for
4 CVn. This will allow us to learn more about the physical process, including convection,
taking place in the interior of this star.
Our new mode identifications are in agreement with the previous =1 identification of
f1, f2, and f3 derived by means of photometric phase differences (Breger et al. 1999). As
stated in Breger & Pamyatnykh (2002), the almost equal spacing of these  = 1 modes
can be explained by mode trapping in the acoustic cavity. The model presented in their
study predicts trapped =1 modes close to the observed frequency values, but with a mass
of 2.4 M

, the luminosity log(L/L

) = 1.76 is significantly higher than the value derived
from observations (1.53 ± 0.065).
The additional knowledge of m values from spectroscopy can be used to improve the
models of 4 CVn. Because of the uncertainties in  determinations, it is not clear if com-
ponents belonging to the same rotationally split multiplet are present. Consequently, the
rotation of the star could not be fully constrained. Preliminary results show that the iden-
tified  = 1 modes can be fit by a model with 2.1 to 2.2 M

and a rotational velocity of
120 km/s and slightly above. This may suggest a high stellar inclination which would explain
the non-detection of non-radial m = 0 modes. The predicted luminosity of these models is
in better agreement with the observed values than for the old model.
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Abstract
Solar-like oscillations have now been detected for more than ten years and their frequencies
measured for a still growing number of stars with various characteristics (e.g. mass, chemical
composition, evolutionary stage ...). Excitation of such oscillations is attributed to turbu-
lent convection and takes place in the uppermost part of the convective envelope. Since
the pioneering work of Goldreich & Keely (1977), more sophisticated theoretical models of
stochastic excitation were developed, which differ from each other both by the way turbulent
convection is modeled and by the assumed sources of excitation. We briefly review here the
different underlying approximations and assumptions of those models. A second part shows
that computed mode excitation rates crucially depend on the way time-correlations between
eddies are described but also on the surface metal abundance of the star.
Individual Objects: Sun, α Cen A, HD 49933
Introduction
Solar p-modes are known to have finite lifetimes (a few days) and a very low amplitude (a few
cm/s in velocity and a few ppm in brightness). In the last decade, solar-like oscillations have
been detected in numerous stars, in different evolutionary stages and with different metallicity
(see recent review by Bedding & Kjeldsen, 2007). Their finite lifetimes are a consequence of
several complex damping processes that are not clearly identified so far. Their excitation is
attributed to turbulent convection and takes place in the uppermost part of the convective
envelope, which is the place of vigorous turbulent motions.
Measuring the mode amplitude and the mode lifetime enables to infer the excitation rate,
P (the energy which is supplied per unit time to the mode). Deriving P put constraints on
the theoretical models of mode excitation by turbulent convection (Libbrecht, 1988).
Goldreich & Keeley (1977, GK hereafter) have proposed the first theoretical model of
stochastic excitation of solar acoustic modes by the Reynolds stresses. Since this pioneering
work, different improved models have been proposed (Dolginov & Muslimov, 1984; Balmforth,
1992; Goldreich et al., 1994; Samadi & Goupil, 2001; Chaplin et al., 2005; Samadi et al.,
2003; Belkacem et al., 2006b, 2008). These approaches differ from each other either by the
way turbulent convection is described, or by the excitation process. In the present paper, we
briefly review the main assumptions and approximations on which the different theoretical
models are based.
As shown by Samadi et al. (2003), the energy supplied per time unit to the modes by
turbulent convection crucially depends on the way eddies are time-correlated. A realistic
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modeling of the eddy time-correlation at various length scales is then an important issue,
which is discussed in details below. The structure and the properties of the convective upper
envelope also has an important impact on the mode driving. In particular, the surface metal
abundance can significantly change the efficiency of the mode driving.
Theoretical models
Most of the theoretical models of stochastic excitation adopt GK’s approach. This approach
first consists in solving, with appropriate boundary conditions, the equation that governs the
adiabatic wave propagation (also called the homogeneous wave equation). This provides the
well-known adiabatic displacement eigenvectors (ξ(r, t)). Then, one includes in the wave
equation turbulent sources of driving as well as a term of linear damping. The complete
equation (so-called inhomogeneous wave equation) is then solved.
Among the sources of driving, the contribution of Reynolds stresses, which represents a
mechanical source of driving, is considered. Goldreich et al. (1994, GMK hereafter) have
proposed to include in addition the entropy fluctuations (also referred to as non-adiabatic
gas pressure fluctuations). It is generally assumed that the entropy fluctuations behave as
a passive scalar. In that case, Samadi & Goupil (2001, SG hereafter) have shown that the
contribution of the Lagrangian entropy fluctuations vanishes. On the other hand, as shown
by SG, the advection of the entropy fluctuations by the turbulent velocity field contributes
efficiently to the mode driving in addition to the Reynolds stresses. This advective term
corresponds to the buoyancy force associated with the entropy fluctuations. Since it involves
the entropy fluctuations, it can be considered as a thermal source of driving.
The solution of the inhomogeneous wave equation corresponds to the forced mode dis-
placement, δr (or equivalently the mode velocity vosc = dδr/dt). A detailed derivation of
the solution for radial acoustic modes can be found in Samadi & Goupil (2001, SG herefater)














where ω0 is the mode frequency, P is the mode excitation rate (the rate at which energy is
supplied to the mode), η the mode damping rate (which can be derived from seismic data),
I the mode inertia, and finally C2R and C
2
S the contribution of the Reynolds stress and the
entropy fluctuations, respectively. The expressions for C2R and C
2
S are



















gr SS(r, ω0) (3)
where αs = (∂Pg/∂s)ρ, Pg is the gas pressure, s the entropy, ρ0 the mean density, G and H
are two anisotropic factors (see their expression in SG), SR and SS are the “source terms”
associated with the Reynolds stresses and entropy fluctuations respectively, ξr the adiabatic
mode radial eigen-displacement, and finally gr(ξr , r) a function that involves the first and
second derivatives of ξr (see its expression in SG).
The source functions, SR and SS , involve the dynamic properties of the turbulent medium.
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where k is the wavenumber, E(k) the time averaged kinetic energy spectrum, χk(ω) is the
frequency component of E(k, ω) (the kinetic energy spectrum as a function of k and ω). A
similar expression is derived for SS (see SG). Note that the function χk(ω) can be viewed
as a measure in the Fourier domain of the time-correlation between eddies. This function is
generally referred as ’eddy time-correlation’ function.
The derivation of Eqs. (1)-(4) is based on several assumptions and approximations. Among
them, the main ones are:
• quasi-Normal approximation (QNA): the fourth-order moments involving the turbu-
lent velocity are decomposed in terms of second-order ones assuming the QNA, i.e.
assuming that turbulent quantities are distributed according to a Normal distribution
with zero mean. However, as shown recently by Belkacem et al. (2006a), the presence
of plumes causes a severe departure from this approximation. Belkacem et al. (2006a)
have proposed an improved closure model that takes the asymmetry between plumes
and granules as well as the turbulence inside the plumes into account. As shown by
Belkacem et al. (2006b), this improved closure model reduces the discrepancy between
theoretical calculations and the helioseismic constraints.
• isotropic, homogeneous, incompressible turbulence: the turbulent medium is assumed
to be isotropic, homogeneous, and incompressible at the length scale associated with the
contributing eddies. This assumption is justified for low turbulent Mach number, Mt
(see SG). However, when the anisotropy is small, it is possible to apply a correction that
takes the departure from isotropy into account. Such corrections have been proposed
by SG and CHE in two different ways. However, in both formalisms, the exact domain
over which these corrections are valid is unknown and remains to be specified.
• radial formalism: radial modes are usually considered. However, generalizations to
non-radial modes have been proposed by Dolginov & Muslimov (1984), GMK and
Belkacem et al. (2008).
• passive scalar assumption: as pointed out above the entropy fluctuations are supposed
to behave as a passive scalar (see the discussion).
• length-scale separation: eddies contributing to the driving are supposed to have a char-
acteristic length scale smaller than the mode wavelength. This assumption is justified
for low Mt (see SG and the discussion).
Eddy time-correlation
Most of the theoretical formulations explicitly or implicitly assume a Gaussian function for
χk(ω) (GK; Dolginov & Muslimov, 1984; GMK; Balmforth, 1992; CHE). However, hydrody-
namical 3D simulations of the outer layers of the Sun show that, at the length associated
with the energy bearing eddies, χk is rather Lorentzian (Samadi et al., 2003). As pointed
out by CHE, a Lorentzian χk is also a result predicted for the largest, most-energetic eddies
by the time-dependent mixing-length formulation of convection by Gough (1977). Therefore,
there are some numerical and theoretical evidences that χk is rather Lorentzian at the length
scale of the energy bearing eddies.
The excitation of the low-frequency modes (ν  3 mHz) is mainly due to the large
scales. However, the higher the frequency the more important the contribution of the small
scales. Solar 3D simulations show that, at small scales, χk is neither Lorentzian nor Gaussian
(Georgobiani et al., 2006). Then, according to Georgobiani et al. (2006), it is impossible
to separate the spatial component E(k) from the temporal component at all scales with
the same simple analytical functions. However, such results are obtained using Large Eddy
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Figure 1: Solar p-mode excitation rates, P, as a function of ν = ω/2π. The dots correspond to seismic
data from SOHO/Golf (filled circles) and from the BiSON network (diamonds). The thick lines correspond
to semi-theoretical calculations based on different choices for χk: Lorentzian χk (solid line), χ3Dk i.e. χk
directly derived from the solar 3D simulation (dashed line), and a Gaussian χk (dot-dashed line).
Simulation (LES). The way the small scales are treated in LES can affect our description of
turbulence. Indeed, He et al. (2002) have shown that LES results in a χk(ω) that decreases
at all resolved scales too rapidly with ω with respect to direct numerical simulations (DNS).
Moreover, Jacoutot et al. (2008a) found that computed mode excitation rates significantly
depend on the adopted sub-grid model. Furthermore, at a given length scale, Samadi et al.
(2007) have shown that χk tends toward a Gaussian when the spatial resolution is decreased.
As a conclusion the numerical resolution or the sub-grid model can substantially affect our
description of the small scales.
As shown by Samadi et al. (2003), calculation of the mode excitation rates based on
a Gaussian χk results for the Sun in a significant under-estimation of the maximum of P
whereas a better agreement with the observations is found when a Lorentzian χk is used
(see Fig. 1). A similar conclusion is reached by Samadi et al. (2008a) in the case of the star
α Cen A.
Up to now, only analytical functions were assumed for χk(ω). We have here implemented,
for the calculation of P, the eddy time-correlation function derived directly from long time
series of 3D simulation realizations with an intermediate horizontal resolution ( 50 km). As
shown in Fig. 1, the mode excitation rates, P, obtained from χ3Dk , are found comparable
to that obtained assuming a Lorentzian one, except at high frequency. This is obviously
the direct consequence of the fact that a Lorentzian χk reproduces rather well χ3Dk , except
at high frequency where χ3Dk decreases more rapidly than the Lorentzian function. At high
frequency, calculations based on a Lorentzian χk result in larger P and reproduce better the
helioseismic constraints than those based on χ3Dk . This indicates perhaps that χ
3D
k decreases
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too rapidly with frequency than it should do. This is consistent with He et al. (2002)’s results
who found that LES predicts a too rapid decrease with ω compared to the DNS (see above).
CHE also found that the use of a Gaussian χk severely under-estimates the observed solar
mode excitation rates. However, in contrast with Samadi et al. (2003), they mention that a
Lorentzian χk results in an over-estimation for the low-frequency modes. They explain this by
the fact that, at a given frequency, a Lorentzian χk decreases too slowly with depth compared
to a Gaussian χk. Consequently, for the low-frequency modes, a substantial fraction of the
integrand of Eq. (2) arises from large eddies situated deep in the Sun. This might suggests
that, in the deep layers, the eddies that contribute efficiently have rather a Gaussian χk (see
the discussion below).
Impact of the surface metal abundance
We have computed two 3D hydrodynamical simulations representative – in effective tem-
perature and gravity – of the surface layers of HD 49933, a star which is rather metal poor
compared to the Sun. One 3D simulation (hereafter labeled as S0) has a solar metal abun-
dance and one other (hereafter labeled as S1) has a surface iron-to-hydrogen abundance,
[Fe/H], ten times smaller. For each 3D simulation we match in the manner of Samadi et al.
(2008a) an associated global 1D model and we compute the associated acoustic modes.
The rates P at which energy is supplied into the acoustic modes associated with S1 are
found about three times smaller than those associated with S0. This difference is related
to the fact that a low surface metallicity implies surface layers with a higher mean surface
density. In turn, higher mean surface density implies smaller convective velocity and hence a
less efficient driving of the acoustic modes (for details see Samadi et al., 2008b). This result
illustrates the importance of taking the metallicity of the star into account when computing P.
This conclusion is qualitatively consistent with that by Houdek et al. (1999) who – on the
basis of a mixing-length approach – also found that the mode amplitudes decrease with
decreasing metal abundance.
Discussion and perspectives
The way mode excitation by turbulent convection is modeled is still very simplified. Some
approximations must be improved, some assumptions or hypothesis must be avoided:
• length-scale separation: This approximation is less valid in the super-adiabatic region
where the turbulent Mach number is no longer small (for the Sun Mt is up to 0.3).
This spatial separation can however be avoided if the kinetic energy spectrum associated
with the turbulent elements (E(k)) is properly coupled with the spatial dependence of
the modes
• eddy time-correlation function, χk: Current models assume that χk varies with ω in
the same way at any length scales and in any parts of the convective zone (CZ). At
the length scale of the energy bearing eddy and in the uppermost part of the CZ, there
are some strong evidences that χk is Lorentzian rather than Gaussian. However, as
discussed here, it is not yet clear what is the correct description for χk at the small
scales and also deep in the CZ. Use of more realistic 3D simulations would be very
helpful to depict the correct dynamical behavior of the small scales as well as in the
deep CZ.
• passive scalar assumption: This is a strong hypothesis that probably is no longer valid
in the super-adiabatic part of the convective zone where the driving by the entropy is
important. Indeed, the super-adiabatic layer is the seat of important radiative losses
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by the eddies. Assuming that the entropy behaves as a passive scalar is not correct.
To avoid this assumption, one needs to include eddy radiative losses in the model of
stochastic excitation.
Finally, we stress that some solar-like pulsators are young stars that show a strong activity
(e.g. HD 49933) which is often linked to the presence of strong magnetic fields. A strong
magnetic field can inhibit convection (see e.g. Proctor & Weiss, 1982; Vo¨gler et al., 2005).
Furthermore, using 3D solar simulations, Jacoutot et al. (2008b) have studied the influence of
magnetic fields of various strength on the convective cells and on the excitation mechanism.
They found that a strong magnetic field results in turbulent motions of smaller scales and
higher frequencies than in the absence of magnetic field, and consequently in a less efficient
mode driving. Further theoretical developments are required to take the effects of a magnetic
field into account in the theoretical calculation of the mode excitation rates.
Acknowledgments. RS is grateful to the SOC for the invitation to this workshop and ac-
knowledges HELAS for the financial support.
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DISCUSSION
Houdek: The scaling law (L/M)1.5 in Houdek et al.(1999) refers to amplitudes at the photosphere. At
the height of h = 200 km, we obtained the (L/M)1.1 law.
Bruntt: You find that low metallicity implies low pulsation amplitudes for solar-like oscillations. Have you
tried to include metallicity as a parameter in your scaling relation of amplitudes?
Samadi: The scaling law (L/M)0.7 proposed in Samadi et al. (2007) was indeed derived using stellar
3D simulations with solar metal abundances. Part of the remaining discrepancies between the scaling law
(L/M)0.7 and the observations may be explained by the fact that some stars have a metal abundance
significantly different to that of the Sun. This is particularly so for HD 49933.
Noels: You talked about “solar” abundances. What abundances and metallicity are you refering to?
Samadi: We have considered both the “old” and the “new” solar abundances. At fixed [Fe/H], the “new”
solar abundances result in a lower total metal abundance than the “old” ones and hence in lower P. In
the case of HD 49933, mode excitation rates, P, computed by assuming the “new” solar abundances are
found ∼ 30 % smaller than those computed assuming the “old” solar abundances (see Samadi et al.,
2008b).
Noels: Could we have some solar-like oscillations in stars as massive as β Cepheid stars if a convection
zone appears near the surface due to an accumulation of iron ?
Samadi: As far as we have a surface convective envelope, it is potentially possible to excite p modes.
However, the excitation is efficient when the characteristic eddy turn-over time is of the same order than
the period of the p modes confined near the surface.
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The effect of convection on pulsational stability
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Abstract
A review on the current state of mode physics in classical pulsators is presented. Two,
currently in use, time-dependent convection models are compared and their applications on
mode stability are discussed with particular emphasis on the location of the Delta Scuti
instability strip.
Introduction
Stars with relatively low surface temperatures show distinctive envelope convection zones
which affect mode stability. Among the first problems of this nature was the modelling of the
red edge of the classical instability strip (IS) in the Hertzsprung-Russell (H-R) diagram. The
first pulsation calculations of classical pulsators without any pulsation-convection modelling
predicted red edges which were much too cool and which were at best only neutrally stable.
What follows were several attempts to bring the theoretically predicted location of the red edge
in better agreement with the observed location by using time-dependent convection models
in the pulsation analyses (Dupree 1977; Baker & Gough 1979; Gonzi 1982; Stellingwerf
1984). More recently several authors, e.g. Bono et al. (1995, 1999), Houdek (1997, 2000),
Xiong & Deng (2001, 2007), Dupret et al. (2005) were successful to model the red edge of the
classical IS. These authors report, however, that different physical mechanisms are responsible
for the return to stability. For example, Bono et al. (1995) and Dupret et al. (2005) report
that it is mainly the convective heat flux, Xiong & Deng (2001) the turbulent viscosity, and
Baker & Gough (1979) and Houdek (2000) predominantly the momentum flux (turbulent
pressure pt) that stabilizes the pulsation modes at the red edge.
Time-dependent convection models
The authors mentioned in the previous section used different implementations for modelling
the interaction of the turbulent velocity field with the pulsation. In the past various time-
dependent convection models were proposed, for example, by Schatzman (1956), Gough
Figure 1: Sketch of an overturning hexagonal (dashed lines)
convective cell. Near the centre the gas raises from the hot
bottom to the cooler top (surface) where it moves nearly
horizontally towards the edges, thereby loosing heat. The
cooled gas then descends along the edges to close the circular
flow. Arrows indicate the direction of the flow pattern.
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Table 1: Summary of time-dependent convection model differences.
Balance between buoyancy & Kinetic theory of accelerating
turbulent drag (Unno 1967, 1977) eddies (Gough 1965, 1977a)
- acceleration terms of convective - acceleration terms included: w,
fluctuations w, T ′ neglected T ′ evolve with growth rate σ
- nonlinear terms approximated - nonlinear terms are neglected
by spatial gradients ∝ 1/ during eddy growth
- characteristic eddy lifetime: - τ = 2/σ determined stochas-
τ  /2w tically from parametrized shear
instability
- variation 1 = δ/ (Unno 1967): - variation of mixing length
ωτ < 1 : 1 ∼ H1 according to rapid distortion
ωτ > 1 : 1 ∼ r1 theory (Townsend 1976), i.e.
or (Unno 1977): variation also of eddy shape
1 ∼ (1 + iω2τ2)−1(H1 − iωτρ1/3)
(H is pressure scale height)
- turbulent pressure pt neglected - pt = ρ ww included in mean
in hydrostatic support equation equ. for hydrostatic support
(1965, 1977a), Unno (1967, 1977), Xiong (1977, 1989), Stellingwerf (1982), Kuhfuß (1986),
Canuto (1992), Gabriel (1996), Grigahce`ne et al. (2005). Here I shall briefly review and
compare the basic concepts of two, currently in use, convection models. The first model
is that by Gough (1977a,b), which has been used, for example, by Baker & Gough (1979),
Balmforth (1992) and by Houdek (2000). The second model is that by Unno (1967, 1977),
upon which the generalized models by Gabriel (1996) and Grigahce`ne et al. (2005) are based,
with applications by Dupret et al. (2005).
Nearly all of the time-dependent convection models assume the Boussinesq approximation
to the equations of motion. The Boussinesq approximation relies on the fact that the height of
the fluid layer is small compared with the density scale height. It is based on a careful scaling
argument and an expansion in small parameters (Spiegel & Veronis 1960; Gough 1969). The
fluctuating convection equations for an inviscid Boussinesq fluid in a static plane-parallel
atmosphere are
∂tui + (uj∂jui − uj∂jui) = −ρ−1∂ip′ + gbαT ′ δi3 , (1)
∂tT ′ + (uj∂jT
′




supplemented by the continuity equation for an incompressible gas, ∂juj=0, where u=(u, v, w)
is the turbulent velocity field, ρ is density, p is gas pressure, g is the acceleration due to gravity,
T is temperature, cp is the specific heat at constant pressure, bα = −(∂ lnρ/∂ lnT )p / T ,
Fi is the radiative heat flux, β is the superadiabatic temperature gradient and δij is the
Kronecker delta. Primes (′) indicate Eulerian fluctuations and overbars horizontal averages.
These are the starting equations for the two physical pictures describing the motion of an
overturning convective eddy, illustrated in Fig. 1.
In the first physical picture, adopted by Unno (1967), the turbulent element, with a
characteristic vertical length , evolves out of some chaotic state and achieves steady motion
very quickly. The fluid element maintains exact balance between buoyancy force and turbulent
drag by continuous exchange of momentum with other elements and its surroundings. Thus
the acceleration terms ∂tui and ∂tT ′ are neglected and the nonlinear advection terms provide
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Figure 2: Mode stability of an 1.7 M

Delta Scuti star computed with Gough’s (1977a,b) convection
model. Left: Stability coefficient η = ωi/ωr as a function of surface temperature Teff across the IS.
Results are shown for the fundamental radial mode (n = 1) and for two values of the mixing-length
parameter α. Positive η values indicate mode instability. Right: Integrated work integral W as a function
of the depth co-ordinate log(T ) for a model lying just outside the cool edge of the IS (Teff = 6813 K).
Results are plotted in units of η and for α = 2.0. Contributions to W (solid curve) arising from the
gas pressure perturbation, Wg (dashed curve), and the turbulent pressure fluctuations, Wt (dot-dashed
curve), are indicated (W = Wg + Wt). The dotted curve is the ratio of the convective to the total heat
flux Fc/F . Ionization zones of H and He (5% to 95% ionization) are indicated (from Houdek 2000).
dissipation (of kinetic energy) that balances the driving terms. The nonlinear advection terms
are approximated by uj∂jui −uj∂jui  2w2/ and uj∂jT ′−uj∂jT ′  2wT ′/. This leads
to two nonlinear equations which need to be solved numerically together with the mean
equations of the stellar structure.
The second physical picture, which was generalized by Gough (1965, 1977a,b) to the time-
dependent case, interprets the turbulent flow by indirect analogy with kinetic gas theory. The
motion is not steady and one imagines the convective element to accelerate from rest followed
by an instantaneous breakup after the element’s lifetime. Thus the nonlinear advection terms
are neglected in the convective fluctuation equations (1)-(2) but are taken to be responsible
for the creation and destruction of the convective eddies (Gough 1977a,b). By retaining only
the acceleration terms the equations become linear with analytical solutions w ∝ exp(σt)
and T ′ ∝ exp(σt) subject to proper periodic spatial boundary conditions, where t is time and
(σ) is the linear convective growth rate. The mixing length  enters in the calculation of the
eddy’s survival probability, which is proportional to the eddy’s internal shear (rms vorticity),
for determining the convective heat and momentum fluxes. Although the two physical pictures
give the same result in a static envelope, the results for the fluctuating turbulent fluxes in a
pulsating star are very different (Gough 1977a). The main differences between Unno’s and
Gough’s convection model are summarized in Table 1.
Application on mode stability in δ Scuti stars
Fig. 2 displays the mode stability of an evolving 1.7M

Delta Scuti star crossing the
IS. The results were computed with the time-dependent, nonlocal convection model by
Gough (1977a,b). As demonstrated in the right panel of Fig. 2, the dominating damping
term to the work integral W for a star located near the red edge is the contribution from the
turbulent pressure fluctuations Wt.
Gabriel (1996) and more recently Grigahce`ne et al. (2005) generalized Unno’s time-
dependent convection model for stability computations of nonradial oscillation modes. They
included in their mean thermal energy equation the viscous dissipation of turbulent ki-
netic energy, , as an additional heat source. The dissipation of turbulent kinetic energy
is introduced in the conservation equation for the turbulent kinetic energy K := uiui/2
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Figure 3: Stability computations of Delta Scuti stars which include the viscous dissipation rate  of turbulent
kinetic energy according to Grigahce`ne et al. (2005). Left: Blue and red edges of the IS superposed on
evolutionary tracks on the theorists H-R diagram. The locations of the edges, labelled pnB and pnR, are
indicated for radial modes with orders 1 ≤ n ≤ 7. Results by Houdek (2000, α = 2.0, see Fig. 2) and
Xiong & Deng (2001) for the gravest p modes are plotted as the filled and open circles respectively. Right:
Integrated work integral W as a function of the depth co-ordinate log(T ) for a stable n = 3 radial mode
of a 1.8M

star (see ‘star’ symbol in the left panel). Contributions to W arising from the radiative flux,
WR, the convective flux, Wc, the turbulent pressure fluctuations, Wt (WR + Wc + Wt), and from the
perturbation of the turbulent kinetic energy dissipation, W (WR + Wc + W), are indicated (adapted
from Dupret et al. 2005).
(e.g. Tennekes & Lumley 1972, §3.4; Canuto 1992; Houdek & Gough 1999):
DtK + ∂j(Kuj + ρ
−1p′uj)− ν∂
2
i K = −uiuj∂jUi + gbαujT ′ −  , (3)
where Dt is the material derivative, Ui is the average (oscillation) velocity, i.e. the total
velocity u˜i = Ui +ui, and ν is the constant kinematic viscosity (in the limit of high Reynolds
numbers the molecular transport term can be neglected). The first and second term on the
right of Eq. (3) are the shear and buoyant productions of turbulent kinetic energy, whereas
the last term  = ν(∂jui + ∂iuj)2/2 is the viscous dissipation of turbulent kinetic energy
into heat. This term is also present in the mean thermal energy equation, but with opposite
sign. The linearized perturbed mean thermal energy equation for a star pulsating radially
with complex angular frequency ω = ωr + iωi can then be written, in the absence of nuclear
reactions, as (‘δ’ denotes a Lagrangian fluctuation and I omit overbars in the mean quantities):
dδL/dm = −iωcpT (δT /T −∇adδp/p) + δ , (4)
where m is the radial mass co-ordinate, ∇ad = (∂ ln T/∂ ln p)s and L is the total (ra-
diative and convective) luminosity. Grigahce`ne et al. (2005) evaluated  from a turbulent
kinetic energy equation which was derived without the assumption of the Boussinesq ap-
proximation. Furthermore it is not obvious whether the dominant buoyancy production
term, gbαujT ′ (see Eq. 3), was included in their turbulent kinetic energy equation and so
in their expression for .
Dupret et al. (2005) applied the convection model of Grigahce`ne et al. (2005) to
Delta Scuti and γ Doradus stars and reported well defined red edges. The results of their stabil-
ity analysis for Delta Scuti stars are depicted in Fig. 3. The left panel compares the location of
the red edge with results reported by Houdek (2000, see also Fig. 2) and Xiong & Deng (2001).
The right panel of Fig. 3 displays the individual contributions to the accumulated work inte-
gral W for a star located near the red edge of the n = 3 mode (indicated by the ‘star’ symbol
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Figure 4: Accumulated work integral W as a function of the depth co-ordinate log(p). Results are shown
for the n = 1 radial mode of a Delta Scuti star located inside the IS (left panel) and outside the red edge
of the IS (right panel). The stability calculations include viscous dissipation by the small-scale turbulence
(Xiong 1989; see Eq. 6). Contributions to W (solid curve) arising from the fluctuating gas pressure, Wg
(dashed curve), the turbulent pressure perturbations, Wt (long-dashed curve), and from the turbulent
viscosity, Wν (dotted curve), are indicated (W = Wg + Wt + Wν ). The ionization zones of H and He
are marked (adapted from Xiong & Deng 2007).
in the left panel). It demonstrates the near cancellation effect between the contributions
of the turbulent kinetic energy dissipation , W, and turbulent pressure, Wt, making the
contribution from the fluctuating convective heat flux, Wc, the dominating damping term.
The near cancellation effect between W and Wt was demonstrated first by Ledoux & Wal-
raven (1958, §65) (see also Gabriel 1996) by writing the sum of both work integrals as:
W + Wt = 3π/2
Z M
mb
(5/3 − γ3)(δp∗t δρ)ρ
−2 dm , (5)
where M is the stellar mass, mb is the enclosed mass at the bottom of the envelope and
γ3 ≡ 1+(∂ ln T/∂ lnρ)s (s is specific entropy) is the third adiabatic exponent. Except in
ionization zones γ3  5/3 and consequently W + Wt  0.
The convection model by Xiong (1977, 1989) uses transport equations for the second-order
moments of the convective fluctuations. In the transport equation for the turbulent kinetic
energy Xiong adopts the approximation by Hinze (1975) for the turbulent dissipation rate,
i.e.  = 2χk(uiuiρ2/3ρ2)3/2, where χ = 0.45 is the Heisenberg eddy coupling coefficient
and k ∝ −1 is the wavenumber of the energy-containing eddies. However, Xiong does not
provide a work integral for  (neither does Unno et al. 1989, §26,30) but includes the viscous
damping effect of the small-scale turbulence in his model. The convection models consid-
ered here describe only the largest, most energy-containing eddies and ignore the dynamics
of the small-scale eddies lying further down the turbulent cascade. Small-scale turbulence
does, however, contribute directly to the turbulent fluxes and, under the assumption that
they evolve isotropically, they generate an effective viscosity νt which is felt by a particular
pulsation mode as an additional damping effect. The turbulent viscosity can be estimated
as (e.g. Gough 1977b; Unno et al. 1989, §20) νt  λ(ww)1/2, where λ is a parameter of
order unity. The associated work integral Wν can be written in Cartesian co-ordinates as
(Ledoux & Walraven 1958, §63)
142 The effect of convection on pulsational stability











where eij = (∂jξi + ∂iξj)/2 and ξ is the displacement eigenfunction. Xiong & Deng (2001,
2007) modelled successfully the IS of Delta Scuti and red giant stars and found the dominating
damping effect to be the turbulent viscosity (Eq. 6). This is illustrated in Fig. 4 for two
Delta Scuti stars: one is located inside the IS (left panel), the other outside the cool edge of
the IS (right panel). The contribution from the small-scale turbulence was also the dominant
damping effect in the stability calculations by Xiong et al. (2000) of radial p modes in the
Sun, although the authors still found unstable modes with orders between 11 ≤ n ≤ 23. The
importance of the turbulent damping was reported first by Goldreich & Keeley (1977) and
later by Goldreich & Kumar (1991), who found all solar modes to be stable only if turbulent
damping was included in their stability computations. In contrast, Balmforth (1992), who
adopted the convection model of Gough (1977a,b), found all solar p modes to be stable due
mainly to the damping of the turbulent pressure perturbations, Wt, and reported that viscous
damping, Wν , is about one order of magnitude smaller than the contribution of Wt. Turbulent
viscosity (Eq. 6) leads always to mode damping, where as the perturbation of the turbulent
kinetic energy dissipation, δ (see Eq. 4), can contribute to both damping and driving of the
pulsations (Gabriel 1996). The driving effect of δ was shown by Dupret et al. (2005) for a
γ Doradus star.
Summary
We discussed three different mode stability calculations of Delta Scuti stars which success-
fully reproduced the red edge of the IS. Each of these computations adopted a different
time-dependent convection description. The results were discussed by comparing work inte-
grals. All convection descriptions include, although in different ways, the perturbations of
the turbulent fluxes. Gough (1977a), Xiong (1977, 1989), and Unno et al. (1989) did not
include the contribution W to the work integral because in the Boussinesq approximation
(Spiegel & Veronis 1960) the viscous dissipation is neglected in the thermal energy equation.
In practise, however, this term may be important. Grigahce`ne et al. (2005) included W
but ignored the damping contribution of the small-scale turbulence Wν , which was found by
Xiong & Deng (2001, 2007) to be the dominating damping term. The small-scale damping
effect was also ignored in the calculations by Houdek (2000). A more detailed comparison
of the convection descriptions has not yet been made but Houdek & Dupret have begun to
address this problem.
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DISCUSSION
Christensen-Dalsgaard: How does the mixing length affect the red edge of the γ Dor instability strip?
Houdek: The location of the red edge is predominantly determined by radiative damping which gradually
dominates over the driving effect of the so-called convective flux blocking mechanism (Dupret et al. 2005).
A change in the mixing length will not only affect the depth of the envelope convection zone but also
the characteristic time scale of the convection and consequently the stability of g modes with different
pulsation periods. A calibration of the mixing length to match the observed location of the γ Dor
instability strip will also calibrate the depth of the convection zone at a given surface temperature.
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Abstract
Wave propagation, excitation and associated transport are modified by the Coriolis and the
centrifugal accelerations in rotating stars. In this work, we focus on the influence of the
Coriolis acceleration on the volumetric stochastic excitation in convection zones of rotating
stars. First, we present the complete formalism which has been derived and discuss the
different terms which appear due to the Coriolis acceleration. Then, we use this formalism to
compute the solar mode excitation rates and emphasize the peculiar behavior due to rotation.
Consequences on wave transport in rotating stars are eventually discussed.
Introduction
The motivation of this work is to investigate the effect of uniform rotation on the stochas-
tically excited mode amplitudes. Several issues can be addressed; is the amplitude of a
non-axisymmetric mode (m = 0) the same as for an axisymmetric one (m = 0)? Are pro-
grade and retrograde modes excited in the same manner and what are the consequences?
This can have some important consequences from both an observational point of view as well
as a theoretical one.
As a first step, we neglect the centrifugal acceleration that induces a deformation of the
star. We then focus our attention on the effect of the Coriolis acceleration. We also restrict
the study to uniform rotation. In the first section, we present a formalism of stochastic
excitation developed for a rotating star, and we apply it to the solar case by performing
a perturbative development. Some consequences on the angular momentum transport by
modes are briefly discussed in a third section. Conclusion and perspectives are provided in
the last section.
Physical assumptions and formalism





υosc + C (υosc, ut) = St (ut) .1 (1)
1Here the following notation for partial derivatives ∂
nf
∂xn = ∂xnf is adopted.
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υosc is the velocity field of the waves and ut is the turbulent one associated to the convective
eddies. The C (υosc, ut) vector field, which is not detailed here, is related to the wave-
turbulence interaction that corresponds to the dynamical damping, η. LΩ is the operator
that rules the wave dynamics in the case of the star free oscillations
LΩ (υosc) = ∇
h
αsυosc · ∇s0 + c2s ∇ · (ρ0υosc)
i
− geff ∇ · (ρ0υosc)





ρ, geff and Ω are respectively the fluid density, effective gravity acceleration (including the
centrifugal one) and angular velocity. cs is the sound speed while αs = (∂p/∂s)ρ, where
p is the pressure and s the macroscopic entropy. X0 and X1 (where X = {ρ, p, s} ) are
respectively the hydrostatic value of X and its wave-associated fluctuation. Finally, (r, θ, ϕ)
are the classical spherical coordinates.
The source terms that drive the eigenmodes are












The term SSG contains the source terms as derived by Samadi & Goupil (2001) and
Belkacem et al. (2008), in which the dominant ones are the Reynolds and entropy contri-






= 2Ω × ∂t (ρ1ut) = −2Ω ×
h

∇ · (ρ0ut) ut
i
(4)
∂t (ρ1Ω∂ϕut) = Ω
h










= −r sin θ
h
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where Ω is supposed uniform and steady on a dynamical time scale. These last three terms
scale as M3t (Mt is the turbulent Mach number), while Samadi & Goupil (2001) have shown
the Reynolds contribution scales as M2t . Thus the above rotational contribution can be
ignored in front of the Reynolds one. Moreover, in the case where the turbulent convective
motions are assumed to be anelastic (∇ · (ρ0ut) = 0), they can be neglected. Therefore, the
only source terms we must retain are the Reynolds and the entropy ones.
Following the procedure detailed by Samadi & Goupil (2001) and Belkacem et al. (2008),












S , and C
2
c are respectively the contributions of the Reynolds stresses, of the
entropy fluctuation advection, and the crossed terms. The crossed terms are ignored in front
of C2R and C
2
S (see Belkacem et al. 2008 for details). In addition, as shown above the source
terms related to the rotation have been neglected.












dω χk(ω + ω0) χk(ω) . (9)
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E(k) and χk(ω) are respectively the kinetic energy spectrum and the temporal correlation
function which are also modified through the action of rotation on turbulence. The frequencies
ω0 and ω are associated with pulsation and convection, respectively. Furthermore














































L2 − (m2 + 1)
˜
, L2 = ( + 1), and (ξr , ξH , ξT ) are the radial,
horizontal and toroidal components of the eigenfunction corresponding to a spherical
harmonic (Y m ). Rspheroidal corresponds to the non-rotating case. It is modified by the
Coriolis acceleration through the modification of ξr and of ξH it induces.














































dω χk(ω0 + ω) χk(ω), (13)
Es being the spectrum associated to the entropy turbulent fluctuations. As for Rspheroidal
no direct changes are due to uniform rotation.
Application to the excitation of solar oscillation modes
In this section, we apply the formalism to spheroidal solar oscillation modes for which 2Ω/ω0
(where ω0 is (hereafter) the mode frequency in the non-rotating case) is such that they are
only slightly perturbed by the Coriolis acceleration. In this case, we get respectively for each














where α = {r, H}, ξ(0)α being the component in the non-rotating case for which ξ
(0)
T = 0,
and ξ(1)α and ξ
(1)
T are given by Unno et al (1989).









so that the excitation rate is different for prograde (m < 0) and retrograde (m > 0)2 modes
since it depends explicitly on m. To better quantify this bias introduced by the Coriolis
acceleration, we define
δPm/P
−m = (Pm − P−m)/P−m (16)
2The mode phase is expanded as exp [i (mϕ + ω0t)].
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Figure 1: Left panel: Bias between prograde and retrograde modes (see Eq.(16)) for  = 1 modes,
computed with a standard solar model. Right panel: Bias between prograde and retrograde modes as
a function of the mode angular degree () and for a radial order n = 5.
which is plotted in Fig. (1). In this first application, the simplest turbulent spectrum of
Kolmogorov is assumed in evaluating Eqs (9) and (13). For low-frequency g modes that
are excited in the bottom of the convection zone, where 2Ω ≈ ωc (ωc being the convective
frequency) the effect of rotation on the convective velocity field has to be taken into account
(work in progress).
First, δPm/P
−m scales as 2Ω/ω0. Therefore, in the solar case, we find that acoustic mode
excitation rates are only weakly affected by the Coriolis acceleration while gravity modes are
affected up to 50% for the most low-frequency modes. On the other hand, for a given m,
δPm/P
−m increases for decreasing  (it becomes maximum for l = |m|); in other words the
bias is stronger for low- degrees.
Mode-induced transport
Let us now examine the mode-induced transport of angular momentum. The eulerian flux of
angular momentum introduced by the Reynolds stresses, for each azimuthal order m is given




ρ0r sin θ ur;mu∗ϕ;mdeΩ where u = i ω0 ξ, (17)
deΩ = sin θdθdϕ being the solid angle. In the non-rotating adiabatic case, we get
FAM;m + FAM;−m = 0; (18)
therefore, modes do not transport any net flux of angular momentum. In the rotating dissi-
pative case, introducing Eq.(14) into Eq.(17) , we get
FAM;m + FAM;−m =


















































( + 1)2 − m2
(2 + 1) (2 + 3)
and β,m =( + 1)
s
2 −m2
(2 + 1) (2 − 1)
. (22)
D corresponds to the phase shift between ur;m and uϕ;m due to dissipative processes
(e.g., the thermal diffusion or the viscous friction) that causes a net transport of angular
momentum (Goldreich & Nicholson 1989). Here, we assume that the damping is quasi-
independent of m since ω0  m Ω for the considered modes. Then, the amplitude is devel-

























Therefore, the Coriolis acceleration introduces extra biases between prograde and retro-




In this work, we derive the formalism that allows to treat the stochastic excitation of modes
by convective regions in presence of rotation. Then, we applied it, as a first application, to
the solar spheroidal oscillations. We show that a bias between pro- and retrograde waves is
introduced in the excitation by the Coriolis acceleration. It can be relatively important for
low-frequency g-modes while it is quite negligible for acoustic ones. We showed that the
azimuthal asymmetries both in eigenfunctions and their excitation rates introduce an extra
contribution. The associated mode-induced transport of angular momentum remains to be
quantified as in Talon & Charbonnel (2005).
Future works must apply the formalism to the case of rapid rotators for both inertial and
gravito-inertial modes (Dintrans & Rieutord 2000, Rieutord et al. 2001) and include the effect
of differential rotation.
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DISCUSSION
Guzik: Do you see the asymmetry in excitation introduced by the Coriolis acceleration in any stellar
g-mode data? Where should we look for it?
Mathis: I have not seen it yet in any data, but we have to look at this to eventually get an additional
observational constraint on gravity mode behaviour.
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Abstract
The longstanding problem of modeling double-mode behaviour of classical pulsators was
solved with the incorporation of turbulent convection into pulsation hydrocodes. However,
the reasons for the computed double-mode behaviour were never clearly identified. In our
recent papers (Smolec & Moskalik 2008a,b) we showed that the double-mode behaviour
results from the neglect of negative buoyancy effects in some of the hydrocodes. If these
effects are taken into account, no stable nonresonant double-mode behaviour can be found.
In these proceedings, we focus our attention on the role of negative buoyancy effects in
classical Cepheid models.
Introduction
Since the early days of nonlinear pulsation computations, modeling double-mode (DM) phe-
nomenon was one of the major objectives. However, the search for nonresonant double-mode
behaviour with radiative hydrocodes failed (see however , Kova´cs & Buchler 1993). The
typical modal selection observed was first overtone (1O) pulsation at the hot side of the
instability strip (IS), fundamental mode (F) pulsation at the red side, and either-or domain
(F/1O) in between. The incorporation of turbulent convection into pulsation hydrocodes led
to stable and robust double-mode pulsation (Kolla´th et al. 1998, Feuchtinger 1998). Most of
the double-mode models published so far were computed with the use of the Florida-Budapest
hydrocode (e.g. Kolla´th et al. 2002). This hydrocode adopts a time-dependent convection
model based on the Kuhfuß (1986) work. Although the Kuhfuß model was also adopted
in our pulsation hydrocodes (Smolec & Moskalik 2008a), we could not find a double-mode
behaviour, despite our extensive search for it (Smolec & Moskalik 2008b). We linked the
difference in the computed modal selection to a different treatment of negative buoyancy
effects in both codes. In the Florida-Budapest code, negative buoyancy is neglected, while
it is present in our hydrocodes. The comparison of both treatments (performed with our
hydrocodes) allows us to understand the reasons for double-mode behaviour computed with
hydrocodes that neglect negative buoyancy.
Turbulent convection model
In the Kuhfuß model of turbulent convection, equations of motion and energy conservation
are supplemented with an additional, single equation for generation of turbulent energy, et.
Details of the model can be found e.g. in Smolec & Moskalik 2008a. Here we focus our
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attention on the turbulent energy equation and its crucial terms (turbulent pressure and flux
of turbulent kinetic energy neglected):
det
dt
= S − D + E.V. (1)
In the above equation, S is the turbulent source function (or driving function), responsible for
the driving of turbulent eddies through the buoyant forces. The source function is proportional
to the superadiabatic gradient, Y = ∇−∇a, and to the speed of convective elements, ∼ e
1/2
t .
The D-term models the decay of turbulent eddies, through the turbulent cascade, D ∼ e3/2t .
E.V. describes energy transfer through eddy-viscous forces. It describes the interplay between
turbulent motion and mean gas motion, being proportional to the speed of convective elements
and to the spatial derivative of the scaled mean velocity field, U/R. It always damps the
pulsations and contributes to the driving of turbulent energy1.
The crucial difference between our and the Florida-Budapest formulation is the treatment
of the turbulent source function in convectively stable (Y < 0) regions of the model. In our
hydrocode, we allow for negative values of the source function, just as in the original Kuhfuß
model (S ∼ Y ). In the Florida-Budapest approach, the source term is restricted to positive
values only (S ∼ Y+), which is equivalent to the neglect of negative buoyancy. Following the
convention introduced in Smolec & Moskalik (2008a), we will denote the convective recipe
and models ignoring negative buoyancy as PP models (Florida-Budapest approach), while
convective recipe and models including negative buoyancy will be denoted by NN (our default
formulation).
Consequences of neglecting negative buoyancy
Using our pulsation hydrocodes, we have performed a detailed comparison of models, differing
only in the treatment of the source function (NN vs. PP models). Crucial differences are
observed for single-mode limit cycle (full amplitude, monoperiodic oscillation) models. The
amplitude of the models neglecting negative buoyancy (PP) is much lower than the amplitude
of the models including negative buoyancy effects (NN). The lowering of amplitude in case
of the PP models is connected with the eddy-viscous damping of pulsations in the deep
convectively stable regions of the model. This damping is clearly visible in the nonlinear work
integrals presented in Fig. 1. For the PP model, a significant eddy-viscous damping below
zone 70 (marked with arrows in the Figure), not present in the NN model, is visible. These
internal zones are convectively stable (Y < 0), however, in the PP model significant turbulent
energies are present in these zones, and hence eddy-viscous damping is possible. How are
these turbulent energies built up? The bottom boundary of the envelope convection zone,
connected with hydrogen-helium ionization, is located roughly at zone 70 for both PP and
NN models. Below this boundary, turbulent motions are effectively braked in the NN model
due to the negative value of turbulent source function (eq. 1). Negative buoyancy slows down
the turbulent motions very effectively and eddy-viscous damping is not possible in the inner
parts of the model, due to negligible turbulent energies. The situation is different in case
of PP models, in which the turbulent source function is set equal to zero in convectively
stable layers. Therefore, in these layers, turbulent energies are set by the balance between
the turbulent dissipation term (D term in eq. 1), which damps the turbulent motions, and
the eddy-viscous term, which drives the turbulent energies. Due to the neglect of negative
buoyancy, turbulent motions cannot be braked effectively. On the contrary, they are driven
at the cost of pulsation, through the eddy-viscous term. Below the envelope convection zone
turbulent energies are as high as 109 − 1010 erg/g – only three orders of magnitude smaller
1Exact form of this term differ in different pulsation hydrocodes, see Smolec & Moskalik 2008a,
however results presented here are insensitive to these differences.
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Figure 1: Nonlinear work integrals plotted versus the zone number. Surface at right.
than in the center of the convection zone. Such high turbulent energies extend to more than
six local pressure scale heights below the envelope convection zone, leading to significant
eddy-viscous damping, visible in the left panel of Fig. 1. Deeper in the envelope, turbulent
energies slowly decay, reflecting the vanishing amplitude of the pulsations.
To check the effect of neglecting negative buoyancy on modal selection, we have computed
several sequences of nonlinear Cepheid models using both PP and NN convective recipes. De-
tails of mode selection analysis can be found in Smolec & Moskalik (2008b). Each model was
initialized (kicked) with several different initial conditions (mixtures of F and 1O linear velocity
eigenvectors) and time evolution of the fundamental mode and first overtone amplitudes, A0
and A1, was followed. Exemplary results are shown in Fig. 2. The computed trajectories are
plotted with solid lines for the PP model and dotted lines for the NN model. Hydrodynamic
computations coupled with amplitude equation analysis allow to find all stable pulsation states
to which trajectories converge (attractors, solid squares in Fig. 2), and all unstable solutions,
that repel the trajectories (open squares in Fig. 2). For single-mode solutions, stability coef-
ficients are computed. These are γ1,0, which describes the stability of the fundamental mode
limit cycle with respect to first overtone perturbation (switching rate toward 1O) and γ0,1,
which measures the stability of the first overtone limit cycle. The negative value of γ means
that the respective limit cycle is stable. If both coefficients, γ1,0 and γ0,1 are simultaneously
positive, both limit cycles are unstable, and double-mode pulsation is unavoidable. The run
of stability coefficients across the instability strip, for sequence of Cepheid models, computed
with both PP and NN convective recipes, is presented in Fig. 3. The arrow in this Figure
marks the location of the model, for which hydrodynamic integrations are presented in Fig. 2.
The amplitude of the given mode is a main factor affecting its stability. The higher the
amplitude of the mode, the more able it is to saturate the pulsation instability alone, and
hence, the more stable its limit cycle is. For NN models, the amplitude of the fundamental
mode is much higher than the amplitude of the first overtone (see Fig. 2) across a significant
part of the instability strip. Therefore, the stability coefficient of the fundamental mode limit
cycle, γ1,0, becomes negative, very close to the blue edge of the IS at temperature ≈ 6290K
(Fig. 3). A double-mode state is not possible, as first overtone becomes unstable (γ0,1 > 0)
for much lower temperature (T ≈ 6165K). In a temperature range in which both limit cycles
are stable, either-or domain is observed, in which pulsation in either limit cycle is possible.
In case of PP models, amplitudes of both modes are reduced as compared to NN models,
but not to the same extent. As you can see in Fig. 2, the amplitude of the fundamental mode
is much more reduced than the amplitude of the first overtone. This effect is explained by
a higher amplitude of the fundamental mode (in comparison to 1O) in convectively stable
layers of the PP model, in which significant turbulent energies are observed. As a result,
eddy-viscous damping is stronger for the fundamental mode. Differential reduction of mode
amplitudes is crucial in bringing up double-mode behaviour in the PP model sequence. At
the hot side of the IS, the amplitude of the fundamental mode is lower, or comparable to
the amplitude of the first overtone. Hence, the fundamental mode limit cycle is unstable











Figure 2: Hydrodynamic integrations for a particular Cepheid model. Solid lines - model computed with
PP convection, dotted lines model computed with NN convection.
Figure 3: The run of stability coefficients along a sequence of Cepheid models of constant mass/luminosity.
Solid lines for the PP models, dashed lines for the NN models.
(γ1,0 > 0) in a wide temperature range. It becomes stable at much lower temperature
(T ≈ 6100K) in comparison to the NN sequence. At this temperature, the first overtone is
already unstable. Consequently, in a relatively wide temperature range (∼ 50K in Fig. 3),
both limit cycles are unstable and double-mode state emerges.
Summary
Neglect of negative buoyancy has serious consequences for the computed Cepheid models. It
leads to high turbulent energies in convectively stable layers, and consequently to strong eddy-
viscous damping. This damping acts differentially on pulsation modes, which promotes the
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double-mode behaviour. If buoyant forces are taken into account, as they should be, no stable
nonresonant double-mode behaviour can be found (Smolec & Moskalik 2008b). Therefore,
the problem of modeling F/1O double-mode behaviour in classical Cepheids remains open.
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DISCUSSION
Kova´cs: Let me note that purely radiative RR Lyrae models with a proper choice of the artificial viscosity
lead also to sustained double-mode models (see Kova´cs & Buchler 1993). Furthermore, the convective
models of Buchler and coworkers (e.g. Kolla´th, Buchler, Szabo´ et al. 2002) have been able to reproduce
the bulk properties of the observed double-mode RR Lyrae and δ Cephei stars. The former ones were
successfully modeled also by Feuchtinger (1998), who used similar type of convective modeling as Kolla´th,
Buchler & Szabo´.
Smolec: Radiative double-mode models of Kova´cs & Buchler were obtained by decreasing artificial
viscosity. These models are sensitive to numerical details and do not reproduce all observational
constraints. Detailed comparison of nonlinear convective double-mode models of Buchler and coworkers
with observations (Fourier decomposition of light curves) was not performed. Using Vienna pulsation
hydrocode Feuchtinger (1998) computed one double-mode RR Lyrae model. This is the only double-mode
model published by the Vienna group. As both Florida-Budapest and Vienna codes are claimed to give
essentially the same results in case of single-mode models (Feuchtinger, Buchler & Kolla´th 2000), we
suspect that also in the Vienna code negative buoyancy was neglected. However, as we haven’t computed
any RR Lyrae models, we cannot make definite statements about double-mode RR Lyrae models.
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Abstract
We give a brief review on the solar abundances emphasizing ”hot topics” like the abundances
of oxygen and neon.
Introduction
With Martin Asplund (Max Planck Institute of Astrophysics, Garching) and Jacques Sauval
(Observatoire Royal de Belgique, Brussels) we recently published detailed reviews on the solar
chemical composition (Asplund et al. 2005, Grevesse et al. 2007). These new abundances
result essentially from the use of a 3D hydrodynamic model of the solar atmosphere instead
of the classical 1D hydrostatic models, accounting for departures from LTE when possible,
and the use of improved atomic and molecular data for many different indicators of the
abundances. These new abundances are significantly smaller than previously recommended
values at least for the most abundant metals, resulting in a decrease of the solar metallicity.
While resolving a number of longstanding problems, the new solar abundances are in contrast
with the Standard Solar Model. Models computed with the new abundances disagree with the
very precise measurements of the sound speed profile, the abundance of He in the convection
zone and the depth of this convection zone as derived from helioseismology. The abundances
of O, C and Ne do play key roles as major contributors to the opacities in the layers below the
convection zone. As new works have recently appeared on O and Ne, we propose to discuss
them in more details hereafter.
The solar abundance of oxygen
Thanks to the recipe mentioned above, Asplund et al. (2004), Scott et al. (2006) and
Mele´ndez (2004) have reanalyzed the solar abundance of oxygen from all the indicators avail-
able, permitted and forbidden atomic lines as well as the CO vibration-rotation lines and the
OH vibration-rotation and pure rotation lines in the infrared solar spectrum. The new solar
abundance of O is A(O)=8.66, in the usual astronomical scale. This value is much lower,
by about 0.2 dex, than previously recommended values. A series of new papers on the solar
abundance of O has been published recently. We comment on these papers hereafter.
Ayres et al. (2006) also analyzed the CO lines with quite a different result. Their analysis
used various empirical 1D models and they found a high value of the abundance of O. This
is quite normal because the CO lines are extremely sensitive to temperature. The 3D effects
are very large on such lines as shown by Scott et al. (2006), decreasing the abundance found
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when using 1D models, by rather large amounts. The best 1D model, for example a mean
3D model, could never simulate the 3D effects which are nonlocal and nonlinear.
Socas-Navarro & Norton (2007) confirmed the low abundance of O . They constructed
an empirical 3D model from spatially resolved spectropolarimetric observations of spectral
lines and applied it to the analysis of the infrared triplet of O I at 777nm. However
Centeno & Socas-Navarro (2008) analyzing in sunspots, the forbidden O I line at 630nm,
blended with a Ni I line, derived a much larger abundance of O, A(O)=8.86. If this result
is updated for a better transition probability of the [O I] line (-0.06 dex), for a better solar
abundance of Ni (-0.06 dex) and for a more precise effect of the formation of CO in sunspots
(-0.08 dex), the resulting abundance of O becomes A(O)=8.66, in agreement with our low
value.
Very recently, Ayres (2008) carefully analyzed the same forbidden O I line, using profile
fits with a 3D model atmosphere. He got a high abundance of O, A(O)=8.81. But the best
fits of the profiles are obtained if the Ni I blend is treated as a free parameter. This results
in a too small contribution of Ni to the blend. If this contribution is increased to its normal
value, obtained with the new abundance of Ni we have derived from a new analysis (to be
published soon) with a 3D model, the abundance of O can decrease to A(O)=8.74 i.e. very
near to our value (see hereafter). The agreement between observed and computed profiles
however degrades if the Ni abundance increases.
The most important new analysis of the solar abundance of O has been recently done by
Caffau et al. (2008). These authors analyze very carefully the permitted and forbidden lines
of O I on various solar atlases observed at the center of the solar disc and on the whole disc.
They use different 1D models as well as their own 3D original model. They recommend a
rather high abundance of O , A(O)=8.79. One of the main differences between this work
and previous works is to be found in the equivalent widths of the lines. The data from
Caffau et al. are always larger than any other measurement by other authors. We remeasured
very carefully these equivalent widths and never succeeded to reach their values. For example,
for the infrared triplet at 777nm, we systematically found equivalent widths smaller by about
4 percent. We therefore normalysed the Caffau et al. (2008) results as well as our own results
of Asplund et al. (2004) to the new equivalent widths and found abundances of O in pretty
good agreement, A(O)= 8.71 versus A(O)=8.70.
We shall therefore recommend A(O)=8.70 as the solar abundance of O. It is also this low
value which is found by Mele´ndez & Asplund (2008) from the analysis of the third forbidden
line of O I at 557.7nm. This line is however heavily perturbed by two lines of C2.
New works are going on, based on new 3D models. Results are to be expected quite soon.
The solar abundance of neon
As no spectral line of neon is present in the solar photospheric spectrum, the solar abun-
dance of neon is generally derived from the ratio Ne/O measured in coronal matter; see e.g.
Grevesse et al. (2007) for a review. A ratio Ne/O =0.15 is usually adopted as represen-
tative of the coronal ratio. With the here above recommended abundance of O, the solar
abundance of Ne becomes A(Ne)=7.88. Drake & Testa (2005) and very recently Garcia
Alvarez et al. (2008) suggested, from the analysis of mostly very active stars, that the solar
Ne/O should be much larger than 0.15, with a value up to 0.41, therefore increasing the solar
Ne to A(Ne)= 8.32. We do believe that the stars considered in these analyses have nothing
to do with stars of the solar type. The stars analyzed have activities that are 1 to 4 orders of
magnitude larger than the sun. In such stars, as Gu¨del (2004) already suggested, the ratio
Ne/O can be enhanced naturally by a rather large factor over the solar ratio. This has also
been recently confirmed by Robrade et al. (2008), who show that the ratio Ne/O definitely
increases when increasing the stellar activity from the solar activity level.
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Two recent papers also found higher solar Ne abundances. Landi et al. (2007) derived a
high solar abundance of Ne, A(O)= 8.11, from the analysis of the UV spectrum of a solar
flare. One way to explain this high Ne could be related to the discussion we had here above:
matter in an active medium like solar flare shows an increase in the Ne/O ratio related to the
difference in first ionization potentials between the two species (Ne: 21.6 eV and O: 13.6 eV).
Bochsler (2007) derived the O and Ne abundances from very variable solar wind data, by
comparing the abundances of these species with He. He also found high values for the
abundances of both O (8.87)and Ne (7.96) with rather large uncertainties (0.12 dex). However
his results depend crucially on the ratio He/H, very variable in the solar wind, and always
much smaller than the solar convection zone value. Had he adopted a slightly smaller He/H
ratio, as reasonable as the one he adopted, the O and Ne abundances would have decreased
down to the low values.
In the galactic medium around us, neon has been derived from B stars. These stars should
have about the same Ne abundance as the sun because, in the galactic chemical evolution,
Ne does not change much during the last few gigayears. Cunha et al. (2006) found a very
large abundance of Ne in B stars in the Orion association, A(O)=8.11. Recently however,
Morel & Butler (2008) derived a much lower abundance of Ne, A(Ne)=7.97, from a sample
of nearby B-stars. The main uncertainties in these analyses come from the larger non-LTE
effects and from the uncertainties in the effective temperatures. If we take these uncertainties
into account, this last result is in good agreement with the value of A(Ne)=7.88 we would
recommend for the solar abundance of neon.
Conclusions
The discussions here above show that the ”low” solar abundances of oxygen and neon are
robust. We however suggested that we should increase the values recommended in previ-
ous works by 10 percent i.e. A(O)=8.70 and A(Ne)=7.88. With these abundances, the
present solar metallicity, Z, has to be increased by 5 percent and becomes Z=0.0128. These
”new” abundances of O and Ne are still much too low to allow solving the problem of the
disagreement between the Standard Solar Models and helioseismology.
Acknowledgments. We thank Martin Asplund, Jacques Sauval, also Pat Scott and many
others, too numerous to be cited, for this marvelous adventure in the revision of the solar
chemical composition.
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DISCUSSION
Aerts: So far, the pulsational line broadening in the sun has been ignored in fitting line profiles. While the
mode amplitudes are low (of the order of cm/s) their collective effect might be of importance in deriving
high-precision abundances. Has anyone investigated that effect?
Grevesse: I am not sure that this effect has ever been quantified However the velocities explained by
convection are of the order of 1.5 km/s. So, I believe that the combined effect of the oscillations will be
much smaller than this.
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Abstract
Several types of variable stars are found along the HR diagram whose pulsations are driven by
the κ-mechanism. Given their nature, the precise (Teff −L) domain where these pulsators are
located is highly dependent on the value of opacity and on its variation inside the star. We
analyze the sensitivity of opacity driven pulsators of spectral-type A and B (δ Scuti, β Cephei
and SPB stars) to the opacity tables (OP/OPAL) and to the chemical composition of the
stellar matter. We also briefly discuss the effect of opacity on pulsators whose oscillations are
not driven by the κ-mechanism, such as γ Doradus and solar-like stars.
Individual Objects: 44Tau
Introduction
Already in 1919, Eddington proposed that an increase of the absorption coefficient in some
parts of the star at the moment of maximum compression could excite stellar pulsations.
However, it was necessary to wait around forty years before Zhevakin (1959, and references
therein) identified the region of the second ionization of He as responsible of pulsation ex-
citation in cepheid variables. Baker & Kippenhahn (1962) made the first numerical stability
computations applied to realistic models of stellar envelope and confirmed that the increase
of opacity in the region of second ionization of He leads to sufficient excitation to overcome
the damping in the rest of the star, explaining in this way the pulsation of Cepheids. Since
then, other pulsators have been observed whose excitation mechanism is linked to the vari-
ation of opacity with temperature and pressure, not only in the region of second ionization
of helium, but also in the Fe-group opacity bump at log T ∼ 5.3 (β Cepheids and SPB’s
eg. Dziembowski et al. 1993; sdB’s, Kilkenny et al. 1997, Charpinet et al. 1996) and at
log T ∼ 6.25 (Wolf-Rayet, Townsend & MacDonald 2006).
The necessary conditions for the excitation of a pulsation mode of period τ by the
κ-mechanism were described by Pamyatnykh (1999): i) the opacity perturbation in the high
temperature phase must grow outward; ii) the amplitude of the pressure eigenfunction must
be large and change slowly with radius in the driving region; iii) the thermal relaxation time
(4πr3ρCpT/LR) in the driving region must be of the order or longer than the oscillation
period (τ). The behavior of stellar opacity as a function of temperature and density is not
only important in the framework of the first condition. Stellar opacity determines the density
distribution of the equilibrium model and hence the oscillation frequencies. Moreover, the
details of the stellar structure are in turn important in the balance between excitation and
damping of oscillations. Finally, opacity of stellar plasma influences the location of convective
regions, and hence may play a relevant role in the properties of oscillations.
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(center) and 12 M

(right) computed
with OPAL (solid lines) and OP (dashed lines) opacity tables, same chemical composition (X = 0.70,
Z = 0.02) and treatment of convective transport. Lower panels: differences between OP and OPAL κR
through an OPAL model at the middle of the MS (mass fraction of hydrogen at the center Xc=0.35).
Vertical lines indicate the boundary of convective regions in those models.
The main ingredients in the computation of stellar opacities are two: atomic physics, and
chemical composition of the stellar plasma. In this paper we examine the consequences of
recent updates on the oscillation properties of different types of main sequence pulsators.
Effect of opacity on stellar structure and evolution
Opacity tables
The improvements included in the new OP (Opacity Project) opacity computations as well
as a thorough comparison with OPAL (Iglesias & Rogers 1996) opacity tables are described
in Badnell et al. (2005). These changes result in an enhancement of Rosseland mean opacity,
κR, at high density and temperatures, and an increase of 18% of opacity in the Z-bump due
to the new Fe atomic data. The new OP opacity tables are much closer to the OPAL ones
than the previous release (Seaton et al. 1994). Some differences remain, however, at low
temperatures (log T < 5.5): the OP Z-bump in κR presents a hot wing slightly larger than
the OPAL one. This translates into an κR difference that can reach 30% at low densities.
On the other hand, OP and OPAL agree at high density within 5-10%.
This disagreement should affect differently models of typical solar-like, δ-Scuti, and
β Cephei stars. In figure 1 we plot OP and OPAL evolutionary tracks for models with





OP evolutionary tracks are cooler than the OPAL ones. Since all the stellar
parameters in the models are the same, these results suggest a larger OP opacity with respect
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Figure 2: Profile of Rosseland mean opacity (thin solid line) for the same models as in figure 1. For each
model we derived, by using the OP-sever facility2, the contribution to κR in percent coming from O (thick
solid lines), N (dotted lines), C (short-dashed lines), Ne (dash-dotted lines) and from the elements of the
iron group (long-dashed lines)
to the OPAL one. The differences across the stellar structure of main sequence models are
shown in the lower panels of figure 1. We emphasize a difference of ∼ 30% at log T ∼ 5.3 for
the 12 M

model, that will have important consequences on the instability strip of B-type
pulsators, and also that OP opacities are systematically 10% lower than the OPAL ones in
the region around log T ∼ 6.
Solar mixture
The re-analysis of solar spectrum by Asplund et al. (2005) (hereafter AGS05) including
NLTE effect as well as tridimensional model atmosphere computations, has led to a sig-
nificant decrease of C, N, O and Ne solar abundances and as a consequence, to a solar
metallicity ((Z/X)

) 30% smaller than the value provided by the “standard” GN93 mixture
(Grevesse & Noels 1993). The abundance of iron (log N(Fe)/N(H)) has not been affected
by the new analysis, which means an iron mass fraction in AGS05 mixture 25% larger in than
in GN93 one for a given Z. It is worth noting that while metallicity is mainly determined
by the abundance of C, N and O, the value of the Rosseland mean opacity can be strongly
affected by other less abundant elements. The contribution to opacity from each element in
Z depends on density and temperature, hence the effects of solar mixture changes on stellar
pulsation properties are expected to depend on spectral type. Figure 2 shows the variation of
κR with temperature through the structure of MS stellar models with masses of 1.0, 1.85 and
12.0 M

, and for each of them, the contribution of C, N, O, Ne and Fe-group elements (Fe,
Ni, Co, Mn) to κR. For 1.85 M (typical δ Scuti star), κR (thin solid line) clearly shows the
peaks due to H, and He ionization (log T ∼ 4.1), to He+ ionization (log T ∼ 4.6), and to the
so-called Z-bump of opacity at log T ∼ 5.3). The opacity peak due to He+ ionization is also
evident in κR curve for 12.0 M model, nevertheless, for this model the main contribution
to opacity comes from Fe-group elements. We also notice that the contribution of CNO to
κR decreases as stellar mass increases.
The total effect of new solar mixture on the value of κR is shown in figure 3. It should
be noticed that for a given value of metal mass fraction Z, AGS05 mixture leads to a larger
κR than GN93 one. Nevertheless, it should be kept in mind that the new Z is only 70%
of the old one. The hollow at log T ∼ 6.2 in δκR for 1.0 and 1.85 M (left and central
panels in Fig.3) is the signature of the lower oxygen-abundance in AGS05 mixture. While
the 30% decrease of C,N,O abundances increases the discrepancies between the standard
2http://opacities.osc.edu/rmos.shtml
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Figure 3: Relative differences of κR values provided by GN93 and AGS05 metal mixtures at fixed Z = 0.02,
through the structure of the GN93 models. The models considered in the left, central and right panel are
the same as in figures 1 and 2. Vertical lines corresponds to the boundaries of convective regions.
solar model and helioseismology, AGS05 values are in a better agreement with spectroscopic
measurements in B-type stars (Morel et al. 2006). Moreover, since Fe-group elements are the
main contributors to opacity for these stars, the increase of the iron mass fraction by 25% in




β Cep and Slow Pulsating B (SPB) stars (spectral type B0.5–B3 the former, and B3–B8 the
latter) are MS pulsators excited by the κ-mechanism due to the Fe-group opacity bump at
T ∼ 2× 105 K (e.g. Dziembowski et al. 1993). OP opacity values in the Z-bump are larger
than OPAL ones by almost 30% for a typical β Cep, moreover the increase by 25% of iron
mass fraction for a given Z implies a higher and larger peak in κR at T ∼ 2 × 105 K. The
combined effect of new opacity and solar mixture on the SPB and β Cephei instability strip
has been examined by Miglio et al. (2007a,b) and Pamyatnykh (2007). Their results can
be summarized as follows: while the different profile of κ in OP and OPAL computations
modifies the blue border of the instability strip, a larger Fe-mass fraction in the metal mixture
provides slightly wider instability bands, and this effect increases as the metallicity decreases.
Thus, the number of β Cep pulsators expected with AGS05 is more than three times larger
than with GN93, and the SPB instability strip resulting from OP calculations is 3000 K larger
than with OPAL ones.
As a consequence, the number of expected hybrid β Cep–SPB objects is also larger for
OP models. The Fe-mass fraction enhancement in the AGS05 mixture, compared with GN93,
has the main effect of extending towards higher overtones the range of excited frequencies.
While for Z = 0.01 the increase of B-type pulsators resulting from the updates of physics in
the models is remarkable, for Z = 0.005 SPB-type modes are excited when considering OP
with AGS05, but none of the different OP/OPAL and GN93/AGS05 evolutionary tracks for
masses up to 18 M

predicts β Cep pulsators.
The updates in basic physics lead hence to a decrease in the disagreement between theory
and observations. In fact, the presence of B-type pulsators in low-metallicity environments
(Kolaczkowski et al 2006, Karoff et al. 2008, Diago et al. 2008), as well as that of hybrid
β Cep–SPB pulsators (Handler et al. 2006; Jerzykiewicz et al 2005) cannot be explained
in the context of OPAL opacities and GN93 mixture. Nevertheless, some difficulties re-
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Figure 4: Relative differences between OPAL and
OP κR trough the structure of an OPAL model
with M = 1.875 M

Z = 0.02, X = 0.70
and central mass fraction of hydrogen Xc = 0.4.
Dotted-line represents the relative difference of
sound speed at fixed mass for the two models with
the same parameters but different opacity tables
(OP et OPAL).
main, for instance, on how to explain the presence of β Cep pulsators observed in the Small
Magellanic Cloud (Kolaczkowski et al 2006), and the pulsation spectrum detected in ν Eri
(Dziembowski & Pamyatnykh 2008).
The understanding of pulsations in subluminous B stars (sdB) has also benefited from
the updated opacity values (Jeffery & Saio 2006), showing that B-type pulsators can be
considered as a “critical test for stellar opacity”.
δ Scuti stars: 44 Tau
δ Scuti stars (A-F spectral type) are located in the low luminosity end of the classical insta-
bility strip. They pulsate in low order p and mixed g-p modes excited by the κ-mechanism in
the second ionization region of helium, at log T ∼ 4.6. In a recent paper, Lenz et al. (2008)
have analyzed the effects of solar mixture and opacity tables in the seismic modeling of
44 Tau, a slowly rotating δ Sct variable that shows radial and nonradial pulsation modes (An-
toci et al. 2007; Zima et al. 2007). The values of periods of fundamental (Π0) and first over-
tone (Π1) radial modes together with the low rotational velocity (v sin i < 5 km s−1) allow
Lenz et al. (2008) to use the Petersen diagram (Π1/Π0 vs log Π0) to derive the fundamental
parameters of 44Tau and to analyze their dependence on the basic physics. Comparison
between OP and OPAL opacities through a typical δ Scuti structure (central panel of fig. 1)
does not show a significant difference (lower than 5%) in the driving region. Nevertheless,
the authors found that for the case of 44Tau the OPAL opacities are preferable to the OP
ones, since it was not possible to fit the radial modes of 44Tau at the same time than its
location in the HR diagram by using OP models.
The Petersen diagrams (Petersen & Jorgensen 1972) are known to be very sensitive to
the metallicity, and hence to opacity. To clarify the results obtained by Lenz et al. (2008) we
compared OPAL and OP stellar models with the same mass (M=1.875 M

, such as derived
by Lenz et al. 2008) and at the same evolutionary stage (Xc = 0.4). Their location in the
HR diagrams is quite close, their radii differ by 0.05%, and hence their fundamental period,
Π0, by 0.16% (log Π0=-0.8380 instead of -0.8387). The effect on the period ratio is however
larger, going from 0.7697 for the OPAL model to 0.7722 for the OP one. This difference is
an indication of a lower OP opacity with respect to OPAL values. In figure 1, we see that
OP is lower than OPAL by a 10% in the region around log T ∼ 6.05.
As explained by Petersen & Jorgensen (1972), the period ratio (Π1/Π0) mainly depends
on the effective politropic index (n = d lnP/d ln T − 1) of plasma in a region around
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Figure 5: Left panel: evolutionary tracks for M = 1.9 M

, Z = 0.02, X = 0.7, αOV = 0.3
computed with OPAL opacity tables (solid line) and with OPAL enhanced by 5% in the region around
log T ∼ 6.05 (dashed line). The square corresponds to the observational error box (Lenz et al. 2008),
and the star represent the model fitting Π0 and the period ratio (Π1/Π0). Right panel: Petersen diagram
corresponding to the evolutionary tracks in left panel.
x = r/R = 0.7, much deeper than the second ionization zone of helium. For their stellar
envelope models, this region corresponds to log T between 5.5 and 6.2. Figure 4 shows
that the largest difference between OP and OPAL opacity values is found close to x = 0.7.
Different κR involves a different sound speed inside the star and hence different pulsation
periods. A lower opacity implies larger values of period ratio. Hence, fitting with OP models
the observational Π0 and Π1/Π0 of 44Tau required Lenz et al. (2008) to decrease by 10%
the mass of the model, and therefore the effective temperature and luminosity of the model
were not compatible with the observational error box.
Given the sensitivity of the period ratio to the opacity at log T ∼ 6.05 we wonder how
the stellar parameters derived by using the Petersen’s diagram depend on the uncertainty
affecting the opacity values. We found that by increasing the OPAL opacities by at maximum
a 5% around log T ∼ 6.25, a MS model with M = 1.9 M

X = 0.70, Z = 0.02, Xc =
0.195 and an overshooting parameter α = 0.3 satisfies the observational constrains (HR and
Petersen diagrams locations) as shown in figure 5. This differs from the result found in
Lenz et al. (2008), where only post-MS models were able to fit observations.
Other pulsators
γ Doradus pulsators
γ Doradus variables are F-type stars oscillating with high-order g-modes (Kaye et al. 1999),
and the excitation mechanism has been identified by Guzik et al. (2000) as being due to
the convective blocking of radiative flux. The location of the convective zone (and hence
potentially stellar opacity) plays then a fundamental role in these pulsators. Computations
considering the interaction pulsation-convection by Dupret et al. (2005) confirm the first
results by Guzik obtained in the frozen convection approximation and shows that there is also
a small contribution of the κ-mechanism coming from the Z-bump of opacity at log T ∼ 5.3,
close to the bottom of the convective envelope in γ Dor stars. Despite all that, changing
opacity tables and the solar mixture do not significantly affect neither the instability strip
nor the oscillation spectrum. Nevertheless, these objects are still not well-known, and some
surprises could rise in the future.
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The Sun
Oxygen is the main contributor to κR at the bottom of the solar convective envelope
(log T ∼ 6.3), followed by iron and neon. The decrease by 30% of solar metallicity resulting
from Asplund et al. (2005) analysis has hence led to drop by 20% the opacity at the bottom
of convective zone and to ruin the good agreement between the standard solar model and
helioseismology (see Basu & Antia 2008 and references therein). The updated OP opacities
imply only a raise of opacity at the bottom of the convective zone at maximum of 5%, too
small to solve the problem of the helioseismic model. A large variety of suggestions have
been proposed to recover the lost opacity and hence the agreement with helioseismic results,
however none up to now (Basu & Antia 2008 for review) has provided satisfactory results,
and the problem of the solar model remains. We would like, nevertheless, to recall that the
good agreement between the Solar Standard Model (Christensen-Dalsgaard et al. 1996) and
the seismic one was also damaged (even if the effect was small compared with the actual
solar problem) when the updated version of OPAL opacity tables (Iglesias & Rogers 1996)
led to a decrease of opacity of 5% at the bottom of solar convective region log T ∼ 6.3.
The so-called S-model was in fact computed with the first delivery of OPAL opacity tables
(Rogers & Iglesias 1992).
Conclusions
In the nineties, the OPAL opacity tables signified a revolution in stellar physics. Since
then, the progress in observational techniques and numerical computations have high-
lighted new discrepancies between theory and observations. In spite of recent improve-
ments some problems persist, for instance: i) the presence of β Cep pulsators in the
SMC; ii) the excitation of high and low frequencies in B-type pulsators such as ν Eri
(Dziembowski & Pamyatnykh 2008); iii) discrepancy between solar model and helioseismol-
ogy; iv) the remaining 15% disagreement between evolution and pulsation masses of cepheids
variables (Keller 2008 and references therein). Some of these discrepancies could be reduced
by increasing (yes, again...) κR in limited domains of temperature, in particular at log T > 6
(see also Zdrawkov & Pamyatnykh 2008).
In spite of recent updates, some differences between OP and OPAL remain, mainly due
to the different equation of state used in those approaches. The differences may seem small
(∼ 10 %), but we showed here that an enhancement of 5% at log T ∼ 6 may be able to
modify the results of a seismic analysis. Both opacity compilations, OP and OPAL, were
computed assuming reasonable approximations for the then current accuracy of observations.
So, perhaps there is some room to increase stellar opacity. In fact, not all the elements are
considered with the same degree of accuracy, and heavy and low abundance elements have
not been taken in consideration since their contributions to κR were estimated to be small
(Iglesias et al. 1995) for the solar model, and the computation very time-consuming.
Stellar pulsation theory has come out to be a powerful tool to probe different aspects of
the stellar physics. Today, this suggests that perhaps it is time to come back to review the
basic input physics in stellar modeling, in particular stellar opacity computations.
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Abstract
The hot and compact subdwarf (sdB and sdO) stars harbor three classes of nonradial pulsators:
the rapid p-mode EC14026-type sdB pulsators discovered in 1997, the slow g-mode sdB
pulsators known as the V1093 Her variables found in 2003, and the rapid sdO pulsators
identified in 2006. The oscillations in these stars are singular in that the driving mechanism
– a classical kappa effect triggered by the Z-bump, a region where partial ionisation of heavy
elements from the iron group significantly increases the gas opacity – is truly effective only
through local abundance enhancements of such elements (in particular of iron itself) caused by
microscopic diffusion. They are the only pulsating stars, among those currently known across
the HR diagram, that show oscillations so tightly linked to these diffusive phenomena. In
this paper, we present a short review of our present understanding of the various components
that drive pulsations in subdwarf stars and we outline the remarkable potential of these stars
as laboratories where diffusion and other competing processes may be tested.
Individual Objects: PG 1325+101, Feige 48
Introduction
The B subdwarf (sdB) stars are hot and compact objects identified with the so-called Extreme
Horizontal Branch (EHB) stars burning helium in their core. Their atmospheric parameters
are found in the ranges 20,000 K ≤ Teff ≤ 40,000 K and 5.0 ≤ log g ≤ 6.2. The hot O
subdwarf (sdO) stars presumably result from various evolutionary histories, a fraction of them
being most likely descendants of sdB stars that have reached post-EHB evolution after core
helium exhaustion. The atmospheric parameters of sdO stars are spreaded over wide ranges
covering 40,000 – 100,000 K for Teff and 4.0 – 6.5 for log g.
Three groups of low-amplitude multiperiodic nonradial pulsators have been identified
among hot subdwarf stars. These are the short-period B subdwarf pulsators (the V361 Hya or
EC14026 stars) found by Kilkenny et al. (1997) oscillating in low-order p-modes with periods
in the range 80 – 600 s, the long-period sdB pulsators (the V1093 Her, PG1716+426, or
”Betsy” stars) discovered by Green et al. (2003) showing mid-order g-modes with periods
between 2000 and 9000 seconds, and the short period sdO pulsators, whose unique known
member thus far is the star SDSS J160043.6+074802.9 (Wouldt et al. 2006) having periods
in the 60 − 120 s range. Each of these classes harbor a strong potential for detailed aster-
oseismic studies. So far, this has been exploited mostly for the short-period sdB pulsators
(see, e.g., the recent review of Fontaine et al. 2008a).
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Figure 1: Rosseland mean opacity (dashed line), integrand of the work integral (solid line), and running
work integral (dotted-dashed line) as functions of the fractional mass depth log q = log(1 − m(r)/M).
Left panel shows a representative (globally damped) p-mode in a sdB model with a uniform solar metallicity
(Z = 0.02) in the envelope. Right panel shows a representative (globally driven) p-mode in a sdB model
with a nonuniform iron profile in the envelope from equilibrium between gravitational settling and radiative
levitation. Local mode driving (regions where dW/dr > 0) is clearly associated with the Z-bump region in
the mean Rosseland opacity and is strongly enhanced (to the point of destabilizing modes) in the models
incorporating radiative levitation.
Hot subdwarfs also present an interesting – yet unexploited – potential link to the speci-
ficities of the driving mechanism. In the present paper, we briefly recall the nature of this
mechanism and the physical processes involved. Then we outline new opportunities that such
pulsators may indeed provide for studying diffusive and mixing processes in stars.
Driving pulsations in hot subdwarf stars
Among oscillating stars, hot pulsating subdwarfs are singular in that radiative levitation of
heavy elements (especially iron) is expected to play a central role in explaining the very
existence of the pulsations themselves. The intimate relationship between the envelope metal
content and the pulsation driving process was first established by Charpinet et al. (1996) for
the short-period B subdwarf pulsators. It was demonstrated that p-mode instabilities can
occur in sdB stellar models through the action of a classical κ-mechanism involving mainly
partial ionization of the M-shell electrons of iron. The combined effect of millions of spectral
lines from the iron M-shell ions results in a sharp peak, often called the Z-bump, in the
Rosseland opacity profile. It was also shown that a solar content of metals in the envelope is
unable, however, to produce enough driving to globally destabilize modes, thus implying that
an additional process must be involved to boost the κ-effect (see left panel of Figure 1).
This process is most likely radiative levitation, which is expected to act efficiently in the
stable radiative envelopes of hot subdwarf stars. In competition with other processes, such
as gravitational settling and possibly weak stellar winds, radiative levitation is believed to be
responsible for the notorious atmospheric abundance anomalies observed in sdB stars (see,
Blanchette et al. 2008 and references therein; left panel of Figure 2). It is also expected to pro-
duce reservoirs of levitating elements below the photosphere, although these reservoirs cannot
be observed directly as these optically thick layers remain hidden to spectroscopic studies. In
particular, iron tends to accumulate nonuniformely at relatively large extrasolar abundances
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Figure 2: Left panel (Figure from Blanchette et al. 2008) shows typical examples of anomalous element
distributions in the atmosphere of sdB stars. The values given are relative to solar content. For various
effective temperatures (at fixed log g), right panel illustrates representative iron distributions (solid curves)
and Rosseland opacity profiles (dotted curves) in sdB stars assuming diffusive equilibrium between radiative
levitation and gravitational settling. The horizontal dashed line indicates the solar amount of iron.
in the stellar envelope (right panel of Figure 2) with the effect of powering up the driving
mechanism and producing efficient excitation for pulsation modes (Charpinet et al. 1997; see
right panel of Figure 1). Remarkably, the same κ-effect involving radiative levitation is likely
responsible for the driving of g-modes in the long period sdB pulsators (Fontaine et al. 2003),
and for the driving of very short period p-modes in the newly discovered class of hot pulsating
sdO stars (Fontaine et al. 2008b, and Fontaine & Brassard 2008).
The identification of the main constituents producing the driving of pulsations in sdB stars
inspired the development of new stellar models dealing with the important role of radiative
levitation (the so-called “second generation models”; Charpinet et al. 1997). These models
are constructed around the assumption that a state of diffusive equilibrium is reached between
radiative levitation and gravitational settling (thus disregarding, at this stage, other potentially
competing processes), leading to stable nonuniform abundance profiles for chemical species
in the stellar envelope (right panel of Figure 2). It is indeed expected, from time-dependent
diffusion calculations, that this state is reached over timescales much shorter than the typical
lifetime of sdB stars, which is ∼ 1.5×108 yr (see Fontaine et al. 2006a and Figure 3). These
calculations demonstrate that mode instabilities appear after ∼ 105 yr (transition between
red and green curves in the color version of Figure 3) and are fully set, i.e., the whole range
of modes is driven, after ∼ 106 yr, only. It then takes ∼ 107 yr for the levitating reservoir of
iron to be fully in equilibrium in the stellar envelope. Another simplification introduced in the
second generation models is that only iron is allowed to levitate in a pure hydrogen envelope,
a choice justified by the facts that iron is the dominant contributor to the Z-bump opacity,
and that helium is well-known to be very underabundant in the envelopes/atmospheres of
sdB stars (a situation presumably caused by rapid sedimentation). The real picture might be
more complicated, however, as pointed out recently by Jeffery & Saio (2006a, 2006b, 2007)
who argued that nickel may also contribute for a significant fraction to the stellar gas opacity
in the Z-bump region. They also noticed important differences between the OPAL opacities
and the most recent OP opacities having a direct impact on the properties of the pulsation
driving mechanism. In particular, they found indications that models using the OP opacities
may better reproduce the position of the instability region for the long period g-mode sdB
pulsators, although they did not include radiative levitation in their calculations.
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Figure 3: Evolving iron abundance distribution in the envelope of a typical sdB model with M = 0.5 M

,
Teff = 30,000 K, and log g = 5.5. The thick solid curve represents the equilibrium Fe profile. Numbers
associated with each thin solid curves indicate the time – in logarithmic scale – passed since the Zero Age
Extreme Horizontal Branch (where the iron abundance distribution is assumed uniform and solar). Red
curves (in the color version) indicate models that show no mode instabilities while green curves indicate
models that develop pulsation mode instabilities.
Despite potential shortcomings and uncertainties alluded to above, second generation
models have constituted a substantial improvement over stellar structures based on chem-
ically uniform abundances for the study of hot subdwarf pulsators. For instance, the class
properties of pulsating sdB stars are globally well-reproduced with these models and they
have been successfully used for detailed asteroseismic studies of several EC14026 stars
(Charpinet et al. 2007). However, model improvements are still necessary to tackle some
of the pending issues in the field. Among these, understanding why only a minority of stars
that fall within the empirical EC14026 instability domain actually pulsate is one of the cur-
rent challenges (although a solution might reside in the presence of weak stellar winds in
that case; Fontaine et al. 2006b). Another issue concerns the actual extent of the observed
instability strip for the EC14026 stars, which is narrower than the predicted one, and which
can be correlated with the fact that the observed period ranges in individual stars are also
usually narrower than predicted. All of this is plausibly linked to approximations and factors
that control and modulate the efficiency of the driving mechanism, themselves resulting from
the interplay of various competing processes not included in the current second generation
models.
The main factor controling the pulsation engine
Developing accurate descriptions of competing diffusive and mixing processes in stars is among
the major challenges that modern stellar astrophysics will have to face (see the excellent review
of Dupret (2008) in these proceedings). In stars whose role is significant, these processes will
shape the chemical stratification in the interior and affect the structural and evolutionary
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Figure 4: Left plot, upper panel : Iron content, log Fe/H (in number), as a function of fractional mass
depth, log q, for a series of models. The blue solid curve shows the iron profile predicted from equilibrium
between gravitational settling and radiative levitation (the reference model). Other profiles are from models
constructed to produce an enrichment of iron only in the Z-bump region (and solar everywhere else). From
bottom to top, the black dotted-lined step profiles represent models with local enrichments of ×1, ×2, ×3
the solar value (log Fe/H = −4.5) where no mode driving is found. The red dashed-lined step profiles
are models with Fe local enrichments of ×4, ×8, ×25, ×50, ×100 the solar value showing p-modes
instabilities. The green solid-line profiles are models with local Fe enrichments of ×12, ×17, and ×22
showing a range of excited p-modes similar to the reference model. Left plot, lower panel : Logarithm of the
Rosseland opacity, log κ, as a function log q for the same series of models. Color and curve conventions are
the same as above. Right plot: Driving and damping structure for a representative  = 0, k = 2 globally
excited p-mode from the reference model (upper panel) and from its corresponding Z-bump enhanced
model (×12.11 the solar value, lower panel). The red solid curve shows the integrand of the work integral
of the mode as a function of log q. The blue dashed curve is the iron abundance profile, to be read on the
LHS axis. The black dotted curve gives the run of the Rosseland opacity, to be read on the RHS axis.
properties. Currently, the effects of such competing processes can only be observed in the
atmospheric layers. It turns out that the specific properties of pulsating hot subdwarf stars
may in this context become of particular interest. This is linked to the main factor that
effectively controls the efficiency of the pulsation engine, as we outline below.
Considering a representative sdB star with parameters Teff = 34,000 K, log g = 5.8,
M = 0.48 M

, and log q(H)  log(Menv/M) = −4.0, typical for an object located near the
center of the EC14026 instability domain, Figure 4 shows various model variants: a second
generation model incorporating iron profiles predicted from diffusive equilibrium (hereafter the
“reference model”) and a series of structures (hereafter called “Z-bump enhanced models”)
built to explore the effect of increasing the amount of iron only in the Z-bump region, while
keeping it solar everywhere else in the envelope. For that purpose, the iron abundance
distribution in the envelope was artificially set to a step-like profile centered at the tip of the
iron opacity peak (log q ∼ −10 in the present case), extending down to log q = −9 and up
to log q = −11, and connecting with exponential tails to the uniform solar value in order
to fully cover the region occupied by the Z-bump. The height of the step profile is defined
by a factor that is applied to the reference iron content, the latter being the solar value
log Fe/H = −4.5. Such models are obviously unphysical and should not be used for precise
asteroseismic purposes, but they turn out to be particularly interesting, however, for pinning
down the main contributing factor controling the efficiency of the pulsation engine.
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Nonadiabatic pulsation calculations on this series of models indicate that the same band
of excited modes as in the reference model is found for Z-bump enhanced models with ×12,
×17, and ×22 iron enrichments (green solid curves in Figure 4). Models with lower (higher)
enhancement factors are found to excite a narrower (wider) band. An important fact, and
this clearly appears in the upper left panel of Figure 4, is that the amounts of iron enrichment
in the ×12, ×17, and ×22 models correspond approximately to the total content of iron
that is levitating in the Z-bump region according to diffusive equilibrium calculations included
in the reference model. A closer look at the reference model indicates that the quantity of
iron levitating near log q ∼ −10 (i.e., at the top of the opacity bump) is indeed ∼ 12.11×
the solar value. In complement, we show in the right panel of Figure 4 the driving/damping
structure for a representative  = 0, k = 2 mode in the reference model (upper panel) and in
a Z-bump enhanced model with an iron enrichment factor of ×12.11 (lower panel). This plot
illustrates the similar shapes of the Z-bump structures in the opacity profiles for these two
models. In addition, it demonstrates, through the similar shapes of the integrand of the work
integral associated with this mode (the red solid curves), that the mode driving structure is
also essentially unchanged. We recall that this quantity measures the energy locally gained
(lost) in each stellar layer by the mode over a pulsation cycle. Positive values indicate local
driving and negative values show the damping regions.
The important conclusion is that the strength of the pulsation engine at work in hot
subdwarf stars is essentially controled by a single factor, the latter being largely dominated
by the amount of opaque metals (iron and eventual additional contributors such as nickel)
present in the Z-bump region only. The chemical composition in other stellar layers turns
out to be irrelevant as far as mode excitation is concerned, although it plays an essential
role for precise determinations of the pulsation periods. In other words, the nonadiabatic
properties of pulsating hot subdwarfs only depend on the metal content present in the very
localized subphotospheric layers where the Z-bump occurs, regardless of the physical process
that ultimately leads to such local abundances.
Probing the metal content in the Z-bump region
The above conclusion suggests a new nonadiabatic asteroseismic approach to the study of
hot subdwarf stars. The upper panel of Figure 5 illustrates the basics of this approach for the
representative sdB star model mentioned in the previous section. On the left hand side of this
plot, the period spectrum for the reference model is represented vertically, with the driven
modes shown as blue filled circles. The other sequences of period spectra are from Z-bump
enhanced models with, from left to right, increasing values for the iron enrichment factor.
This figure allows to identify two interesting events in terms of mode stability. The first one,
occuring between enrichments factors of ×3 and ×3.1, is the onset of mode instabilities.
Below an enrichment factor of ×3.1, no pulsations are expected in these stars. This sets a
limit of the amount of levitating iron that must be present in the Z-bump region for both
pulsating (above) and nonpulsating (below) sdB stars with parameters Teff ∼ 34,000 K and
log g ∼ 5.8. The second event is reached when increasing further the enrichment factor. The
domain of excited periods then naturally expands, mainly to modes with higher radial orders,
until it reaches a point where the band of unstable modes corresponds to the one seen in the
reference model. As shown in Figure 5 (models with green filled circles), this happens in a
limited range – between ×11 and ×22.7 – for the enrichment factor. We recall that a factor
×12.11 of iron is indeed levitating at the tip of the opacity bump in the reference model.
The same argumentation can be transposed to real pulsators assuming that the sensitivity
of the observations has been sufficient to determine the whole range of driven modes in these
stars. Another assumption is that all modes predicted to be unstable by the nonadiabatic linear
pulsation theory can indeed be excited to observable amplitudes in the real star. The validity
of this assumption, or possible corrections to it, rely on a detailed nonlinear description of
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Figure 5: Upper panel : The period spectrum of the reference model is shown on the LHS of this plot.
Other models are Z-bump enhanced structures with varying iron enrichment factors. Black open circles
indicate damped modes and colored filled circles correspond to driven modes. Blue is used for the reference
model, red for models that do not match the range of excited modes in the reference model, and green
for models that match this range. Lower panels: Nonadiabatic asteroseismology of the short-period sdB
pulsators Feige 48 (lower left panel) and PG 1325+101 (lower right panel). Blue filled circles now indicate
the observed periods, the model on the LHS is the optimal solution derived from asteroseismology, and
other models are Z-bump enhanced structures with various enrichment factors. Series with green filled
circles indicate models that match the range of observed modes in the considered star.
stellar oscillations which, however, is currently not available. With these possible limitations
in mind, we illustrate the method in the lower panels of Figure 5 for two well-studied short
period sdB stars: PG 1325+101 at Teff  35,050 K, log g  5.811 (Charpinet et al. 2006)
and Feige 48 at Teff  29,580 K, log g  5.462 (Van Grootel et al. 2008). The observed
period spectrum for each star is given as blue filled circles. It is compared with the period
spectrum of their respective best model solutions proposed in the above cited publications.
In both cases, the range of excited periods in that model is clearly more extended than the
observed range, a typical situation with the second generation models. By producing two
series of Z-bump enhanced models, each adapted to the star under consideration, we can
determine the iron content needed, first, to provoke the onset of pulsation mode instabilities
(this occurs at factors of ×3.5 and ×2.1 for PG 1325+101 and Feige 48, respectively, thus
showing that this limit varies as a function of log g and Teff ) and, second, to match the
observed period range. The latter occurs in the ranges ×5.2 − 6.3 for PG 1325+101 and
×2.3 − 2.9 for Feige 48. Hence, through the new nonadiabatic asteroseismic approach,
we obtain independent estimates for the amount of iron present at the location of the Z-
bump, regardless of the physical process involved to create this particular abundance. For
PG 1325+101 we estimate an iron enrichment of ×5.75 ± 0.55 over the solar value, i.e.,
log Fe/H = −3.74 ± 0.04. For Feige 48, we find an enrichment of ×2.60 ± 0.30 over the
solar value, i.e., log Fe/H = −4.09± 0.05.
The values given just above only illustrate the potential of the method. At this stage,
they should not be taken at face value, as they are likely subject to systematic effects that
need to be investigated in detail. These effects are mainly related to the facts that differences
between OPAL and OP opacities may be sufficiently large to possibly affect significantly the
derived values, and the contribution of other species, in particular nickel, to the opacity bump
may be nonnegligible. The uncertainty associated with the opacities should disappear after
the issue concerning which, of the OPAL or OP data set, is the most realistic one is settled.
At this stage, we simply note that using OP opacities instead of the OPAL data, as we did
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here, may lead to a decrease of the derived values for the iron abundance because the driving
mechanism appears more efficient for a given amount of iron in the Z-bump region when
OP data are used (see Jeffery & Saio 2007). It is impossible at this stage to say if this
change will be significant or not. We also stress that if nickel has an important contribution
to the Z-bump opacity and to the driving mechanism, the basic principle of the proposed
method still applies. The measured quantity, however, would then correspond to the mixture
of Fe+Ni that would be present in the driving region (instead of only iron as given in our
examples above). This would mean, for given opacities and provided that the Ni/Fe ratio can
be estimated from other considerations, that both the amount of nickel and the quantity of
iron present in that region could potentially be estimated. Addressing the above-mentioned
issues will require further exploration of these effects using improved sets of models.
Conclusion and prospects
We reviewed and illustrated some of the basic properties of the driving mechanism responsible
for pulsations in hot subdwarf stars. In particular, we outlined that the pulsation engine at
work in these stars is predominantly controlled by the amount of metals (mostly iron and
possibly nickel) present in the subphotospheric layers where the Z-bump occurs, irrespective
of the precise mechanism responsible for building up such an abundance. The chemical
composition in other parts of the star is essentially irrelevant to the process. This remarkable
property is of high interest as it opens up a new independent way for probing the interior
of hot subdwarf stars, through a nonadiabatic asteroseismic approach. This nonadiabatic
method should constitute a very useful complementary approach to the study of abundance
anomalies in hot subdwarf stars. More generally, it may help to shed new light on the effects
of various mixing processes that may be at work in stars in general. In this context, pulsating
hot subdwarfs may then constitute precious laboratories to progress further on these problems.
Acknowledgments. S. Charpinet thanks the SOC for its invitation to give this review talk
and is grateful for the financial support offered by the HELAS Consortium.
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DISCUSSION
Dziembowski: Is there any role of the ”deep opacity bump” in driving pulsation of the O subdwarf ?
Charpinet: There is no evidence of significant driving from the ”deep opacity bump”, at least for the
modes corresponding to the periods observed in the pulsating sdO star
Noels: In WR stars, the main driving comes from the deep opacity bump. If iron is increased near that
bump, it maybe could add a contribution to the driving. Of course, there can be a problem with the
frequency range.
Charpinet: It doesn’t seem to be the case in the model for the unique pulsating sdO star that we know,
but it may possibly contribute to the excitation of modes in a different frequency range. This potential
driving needs further investigation, though, and there is currently no observational evidence of sdO stars
pulsating in another range of frequencies.
Zahn: Do your models, with just radiative levitation and gravitational settling, predict the observed
surface abundances, or do you have to invoke some turbulent diffusion?
Charpinet: Reproducing precisely the observed surface abundances in sdB stars is difficult. Just for
helium, radiative levitation and gravitational settling alone do not account for the observed surface
abundance. Other competing processes should clearly play a role. For helium, weak stellar winds are
usually invoked, but other mixing or diffusive processes may contribute as well. Of course, what is true
for helium is also applicable to other chemical species. There is still work to do to reach full consistency
at that level and asteroseismology should be a precious guide here.
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Abstract
We briefly review some of the basic properties of the three distinct families of isolated pulsating
white dwarfs. These are the GW Vir stars (He/C/O-atmosphere stars with Teff ∼120,000 K),
the V777 Her stars (He-atmosphere, Teff ∼25,000 K), and the ZZ Ceti stars (H-atmosphere,
Teff ∼12,000 K), all showing multiperiodic luminosity variations caused by low-order and
low-degree g-mode instabilities. In the light of the recent and unexpected discovery of a
new type of white dwarfs, those with atmospheres dominated by carbon and found only
in a narrow range of effective temperature centered around 20,000 K, we also review the
asteroseismological potential of these objects. This sets the table for a discussion of the
recent exciting discovery of the first pulsating C-atmosphere white dwarf, SDSS J1426+5752.
The white dwarf stars as compact pulsators
The white dwarfs are the end products of the evolution of more than 97% of all stars. Stars
with initial masses on the main sequence of ∼8 M

and less end up as white dwarfs in a
narrow range of mass, from about 0.4 to 1.2 M

, with a sharply peaked distribution centered
around ∼0.6 M

. This implies important mass loss in previous evolutionary phases (red giant
phases). White dwarfs have run out of thermonuclear fuel and most of them are constituted
of a C/O core – the products of H and He burning – containing some 99% of the total mass.
They are cooling bodies in hydrostatic equilibrium; gravity is balanced by degenerate electron
pressure. This implies an evolution at almost constant radius. White dwarfs obey the famous
mass-radius relation put forward by Chandrasekhar in the 1930’s. They shine through the
slow leakage of thermal energy of the ionic plasma, and the latter, making up a gas in the
early stages of white dwarf evolution, is best described in terms of a liquid and, ultimately,
a solid as cooling proceeds (see, e.g., Fontaine, Brassard, & Bergeron 2001 for a complete
review of white dwarf properties).
About 2200 field white dwarfs are listed in the McCook and Sion Catalog
(McCook & Sion 1999), but more than 10,000 are now known spectroscopically through the
SDSS project. The average visual magnitude of the stars in the bright McCook and Sion sam-
ple is <V>  15.5. White dwarfs have radii in the range from ∼0.025 to ∼0.006 R/R

, and,
combined with the above mass interval, this leads to a range of surface gravity g from ∼ 107
to ∼ 109 cm s−2. A typical average density in a white dwarf is thus ∼ 106 g cm−3, compared
with a value of ∼1 g cm−3 in a normal star. Finally, white dwarfs are found in the full range
of effective temperature in the HR diagram, from 3000 K to 200,000 K, and their luminosities
span more than seven orders of magnitude, with log (L/L

) ranging from −4.7 to 2.5.
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Figure 1: Region of the log g −log Teff plane where the compact pulsators are found. Each of the five
distinct families is identified by its official IAU name. The year that the discovery of the prototype of each
class is reported, is also indicated. Typical evolutionary tracks are plotted showing 1) the track followed
by a 0.6 M

post-AGB, H-rich star which becomes a H-atmosphere white dwarf (dotted curve), 2) the
path followed by a 0.6 M

post-AGB, H-deficient star which becomes a He-atmosphere white dwarf (solid
curve), and 3) the path followed by a 0.478 M

post-EHB model which leads to the formation of a
low-mass H-atmosphere white dwarf (dashed curve).
Most white dwarfs descend from post-AGB evolution, while a small minority, less than
about 2%, descend from post-EHB evolution (see, e.g., Figure 1). About 80% of post-AGB
stars manage to retain some H in their outermost layers, and those give rise, through efficient
gravitational settling (log g ∼ 8), to essentially pure H-atmosphere or DA white dwarfs. The
dotted curve in Figure 1 illustrates the evolutionary path followed by a 0.6 M

, post-AGB,
H-atmosphere white dwarf in the spectroscopic HR diagram. The other 20% of post-AGB
objects undergo a late helium flash during which the residual hydrogen is burned away, thus
giving rise to the other family of white dwarfs, those with He-atmospheres. The solid curve
is representative of the evolutionary path of such a He-atmosphere or non-DA white dwarf.
During its evolution, a He-atmosphere white dwarf may become a pulsator twice. First,
in the very hot early phases, it may pulsate as a GW Vir star, and then later on, it may
pulsate as a DB or V777 Her star in a narrow instability strip centered around 25,000 K
(see Figure 1). For their part, H-atmosphere white dwarfs all pulsate when they go through
another narrow instability strip, this time centered around 12,000 K, the ZZ Ceti instability
strip. In all three cases, low-degree and low- to mid-order g-modes are involved. Figure 1
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Figure 2: Opacity profiles in the envelopes of representative models of GW Vir (lower solid curve), V777
Her (middle solid curve), and ZZ Ceti (upper solid curve) stars. The abcissa is expressed as the logarithm
of the fractional mass above the point of interest. The center of the model would be located at a value
log q = 0 on that scale, but we have chosen to emphasize here only the outermost layers where the action
is concentrated in terms of driving/damping in white dwarfs. The ratio of the convective to total flux is
alo plotted for the V777 Her (dotted curve on the left) and the ZZ Ceti model (dotted curve on the right).
There is no convection in the very hot GW Vir star model.
also depicts the locations of two other families of compact pulsators, the short- (V361 Hya)
and long-period (V1093 Her) pulsating hot subdwarf B stars, which are not yet white dwarfs
and, therefore, will no longer be considered in this paper. Several interesting communications
about the latter pulsators have been presented at this Conference.
The phenomenon ultimately responsible for driving pulsation modes in white dwarfs is the
recombination of the main envelope constituents. GW Vir stars have envelopes made up of
He, C, and O in roughly comparable proportions (Werner & Herwig 2006), and it is the partial
ionization of the K-shell electrons in C and O that is at work in these pulsators. In the case
of V777 Her (ZZ Ceti) stars, it is the recombination of HeIII and HeII (HII) that ultimately
triggers pulsational instabilities. And indeed, partial ionization leads to the formation of an
opacity bump in the envelope which acts as a bottleneck for photons trying to escape.
Figure 2 illustrates the opacity profile in the envelope of a representative model of each of
the three types of pulsating white dwarfs. The lower solid curve shows the opacity profile for a
typical model of a GW Vir pulsator. In that case, the opacity bump is relatively small in mag-
nitude, there is no associated convection, and the related driving is a classical κ-mechanism.
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Figure 3: Comparison of the period spectra for modes with  = 1 in the period interval 50−5500 s for
1) a solar model (left column), 2) seven evolving GW Vir models (the seven columns bunched together),
3) a V777 Her model, and 4) a ZZ Ceti model (right column). The circle in each column separates the
g-branch above from the p-branch below and identifies the first overtone (k = 1) of the g-branch. All of
the white dwarf models considered have the same total mass of 0.6 M

.
Note that the “active” bump is the lower one centered around a fractional mass depth of
q  10−10, while the upper one is the usual “Z-bump” located too far up in the envelope to
contribute significantly to driving or damping. In V777 Her stars (middle solid curve) and, a
fortiori, in ZZ Ceti stars (upper solid curve), the opacity bump is much larger, and this leads
to the formation of a concomitant convection zone. In this connection, the dotted curves in
Figure 2 show the profiles of the ratio of the convective to total flux for these two types of
pulsating white dwarfs. In those cases, the excitation mechanism is no longer the classical
κ-mechanism as modulations of the convective flux now play a major role. The main driv-
ing region is then located at the base of the convection zone, and one speaks of convective
driving.
To understand pulsations in white dwarfs, it is first necessary to realize that their me-
chanical structure is fundamentally different from that of normal stars. On the first account,
the compact nature of a white dwarf implies that the period of a pulsation mode (p or g)
defined by its radial order k and its degree index  is much smaller than in normal stars. This
is shown in Figure 3 where the dipole mode period spectrum of a solar model in the range
of periods from 50 s to 5500 s – the interval in which periods of pulsating white dwarfs are
found – is compared to those of representative models for each of the three types of white
dwarf pulsators. Except for the two longest periods shown in the figure for the solar model,
all of the other modes depicted for that model are p-modes. This is just the opposite for the
degenerate star models as the modes falling in the period window of interest are all g-modes.
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It should be noted that the fact that the observed periods (more typically 100 s to 1000 s in
high-gravity GW Vir stars, in V777 Her stars, and ZZ Ceti stars) are relatively short should
be considered a good thing, although photon starvation is always a problem for white dwarfs.
This is because several pulsation cycles can be covered in a single night of observations,
allowing for a much better assesment of the multiperiodic nature of the light curves.
On the second account, it should be known that g-modes propagate readily in the outer-
most layers in degenerate stars and show maximum amplitudes there. We noted above that
a typical white dwarf is constituted of a C/O core making up more than 99% of the total
mass. That core is usually surrounded by a thin He mantle that contains less than 1% of the
total mass. In DA white dwarfs (about 80% of degenerate stars), there is also an outermost
H envelope that contains less than 0.01% of the total mass. Although extremely thin, these
onion-like layers are of fundamental importance in the asteroseismology of white dwarfs be-
cause the g-modes have substantial amplitudes only in those outer regions. Because of this,
the layered chemical structure of a white dwarf leads, through mode trapping/confinement,
to a highly nonuniform period distribution for g-modes belonging to the same degree index 
but with different values of k. This is again a good thing because it suggests that chemical
layering could potentially be measured accurately through asteroseismological means.
Finally, it should be realized that the degenerate interior of a white dwarf is refractory to
asteroseismological probing as modes tend to be formed outside the most degenerate central
regions. Those regions indeed contribute very little to the weight function integral. This is
a problem for probing the C/O core directly through period measurements. With cooling,
overall degeneracy increases and the region of mode formation migrates outward. This implies
that the pulsation modes of a degenerate star progressively loose their ability to probe the
deep interior (as it is still possible in a GW Vir star), and become more sensitive to the details
of the outermost layers (in the ZZ Ceti regime, for example). The type of asteroseismology
that is possible with a GW Vir star is not exactly the same as that possible with a ZZ Ceti
pulsator. This seems to have been not appreciated by many in the past. More on this and
several other aspects of pulsating white dwarfs can be found in a comprehensive review paper
that we wrote recently (Fontaine & Brassard 2008).
A new type of pulsating white dwarf
In the context of this conference, it is most appropriate to mention an exciting develop-
ment that came up recently on the scene of white dwarf asteroseismology. This resulted
from the unexpected discovery of a new type of white dwarfs, those with carbon-dominated
atmospheres, also known as Hot DQ stars (Dufour et al. 2007). These are very rare, and
Dufour et al. (2007) reported the discovery of 9 of those, out of a total of about 10,000 white
dwarfs identified spectroscopically. The Hot DQ stars were uncovered within the framework
of the SDSS project. Among other characteristics, they all bunch together in a narrow range
of effective temperature centered around 20,000 K (Dufour et al. 2008a).
It has been known for quite some time (see, e.g., Fontaine & Van Horn 1976) that models
of carbon-atmosphere white dwarfs in this temperature range possess superficial convection
zones that bear strong similarities with those found in H- and He-atmosphere stars. Given
that the newly-found C-atmosphere white dwarfs are sandwiched between the V777 Her and
ZZ Ceti instability strips, and given that convection plays a key role in the excitation of
pulsation modes in these pulsators, the prospects of finding unstable models of Hot DQ stars
looked promising at the outset.
We therefore carried out an exploratory stability survey of models of carbon-atmosphere
white dwarfs using a full nonadiabatic approach (Fontaine et al. 2008). Our theoretical survey
has revealed that g-modes can indeed be driven in models of Hot DQ stars. However, we
found that only those stars with a sufficiently large amount of He (X(He) > 0.25) in their
182 The Degenerate Pulsators
Figure 4: Predicted spectra of excited g-modes computed from four distinct evolutionary sequences, each
characterized by a total mass of 0.6 M

, but with a different envelope composition: pure C, pure He,
X(He) = X(C) = 0.5, and pure H, from left to right. The size of each plotted point gives a logarithmic
measure of the imaginary part of the complex eigenfrequency for a given excited mode; the bigger the dot,
the more unstable the mode.
C-rich envelope mixture could pulsate in the range of effective temperature where the real
C-atmosphere white dwarfs are found.
In this connection, Figure 4 displays some revealing results. It depicts the locations of
theoretical instability strips for evolving 0.6 M

white dwarf models with different envelope
compositions. Along with the usual V777 Her (pure He) and ZZ Ceti (pure H) instability
strips, one can recognize the red edge of the pulsating pure C envelope white dwarf models.
In fact, the pure C instability strip extends all the way up to the GW Vir regime as described
at length in Quirion et al. (2007). Given that the true red edge is hotter than the ∼28,000
K value found in our survey because of convection/pulsation interactions (see Fontaine &
Brasssard 2008), it follows that pure C-atmosphere white dwarfs cannot pulsate in the range
of effective temperature where the Hot DQ stars congregate.
On the other hand, models with a mixed He and C envelope composition can also pulsate,
but in different temperature intervals. For instance, Figure 4 illustrates a new instability
strip between the V777 Her and the ZZ Ceti domains associated with white dwarf models
with a mixed envelope composition specified by X(He) = X(C) = 0.5. Naively, one could
have expected to find such a strip in between the pure C and pure He strips, but structural
differences in the mixed envelope composition models explain why this is not the case. In
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Figure 5: Sample broadband light curve of SDSS J1426+5752 obtained with the Mont4K/Bigelow com-
bination. Each plotted point corresponds to an effective sampling time of 67 s.
brief, the survey of Fontaine et al. (2008) revealed that some Hot DQ white dwarfs can
indeed undergo low-order, low-degree g-mode pulsational instabilities, provided that the sur-
face gravity is larger than average and a substantial amount of He is present in the C-rich
envelope mixture.
In parallel with our theoretical investigations, but totally independently,
Montgomery et al. (2008) carried out an observational search for luminosity variations
in six Hot DQ stars accessible to observations in the winter of 2008. They were able to
report the very exciting discovery that SDSS J1426+5752, one of the Hot DQ’s found by
Dufour et al. (2007), pulsates in at least one mode with a period of 417 s, thus establishing
the existence of a fourth type of pulsating white dwarf. Full credit should be given to
Montgomery et al. (2008) for this important breakthrough. In addition, they reported that
no luminosity variations were found, to the limit of detection, in the five other stars in their
sample.
Following this discovery, Green, Fontaine, & Dufour undertook follow-up wide band pho-
tometric observations of SDSS J1426+5752 at the Steward Observatory 1.6 m telescope on
Mount Bigelow with the help of the new Montre´al 4K×4K CCD camera (Mont4K), a joint
venture between the University of Arizona and the Universite´ de Montre´al. Some 106 h of
observations were obtained on this rather faint star (g = 19.2). Figure 5 illustrates one of the
nightly light curves obtained by Green et al., leaving no doubt as to the variability of SDSS
J1426+5752. The subsequent Fourier analysis of the full data set confirmed the presence
of a dominant pulsation with a period of 417 s and of its first harmonic as first reported
by Montgomery et al. (2008). Furthermore, it also revealed the presence of an additional
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pulsation with a period of 319 s at the 4.9 sigma level. Hence, with at least two independent
periodicities uncovered, SDSS J1426+5752 can be considered as a multiperiodic pulsator like
the other types of pulsating white dwarfs.
In view of the rather poor SDSS spectrum available for SDSS J1426+5752, follow-up
spectroscopic observations were pursued by Dufour et al. (2008b) using both the MMT and
one of the Keck telescopes. The objective was, firstly, to obtain a sufficiently good spectrum
for detailed atmospheric modeling and, secondly, to search for the presence of He required to
account for the observed pulsational instabilities according to the nonadiabatic calculations
of Fontaine et al. (2008). The spectral analysis of the improved spectra readily revealed
the presence of a substantial amount of helium in the atmosphere of SDSS J1426+5752,
an abundance comparable to that of carbon by mass fraction. This is in line with the
expectations of nonadiabatic pulsation theory which require an important He “pollution”
in the atmosphere/envelope of SDSS J1426+5752 for it to pulsate at its current effective
temperature. At the same time, the spectroscopic study of Dufour et al. (2008a) has revealed
that there is not enough He pollution in the atmospheres of the other five Hot DQ stars
investigated for variability by Montgomery et al. (2008) for them to pulsate. And, indeed,
none were found to pulsate.
To add to this small success, an unexpected surprise came out of the follow-up spectro-
scopic observations of Dufour et al. (2008b). It was found that the strong carbon lines seen
in the spectrum of SDSS J1426+5752 feature Zeeman splitting, a structure that could not
be seen in the original noisy SDSS spectrum. The observed splitting between the π and σ
components implies a large scale magnetic field of about 1.2 MG. Hence, SDSS J1426+5752
is both a pulsating and a magnetic white dwarf. As there is no sign of binarity in either the
light curve or the optical spectrum (although the phase coverage has been quite limited),
SDSS J1426+5752 is most likely the first example of an isolated pulsating white dwarf with
a large detectable magnetic field. As such, it is the white dwarf equivalent of an roAp star.
It remains to be seen if other stars similar to SDSS J1426+5752 will be found or if it
will remain an isolated “freak”. If we adopt a conservative point of view, it takes at least
two members to define a “class”, so we should perhaps refrain from referring to it as the
prototype of a class for the time being. Nevertheless, SDSS J1426+5752 is certainly different
from the other kinds of pulsating white dwarfs discussed in this paper. It is our hope that
further data releases from the SDSS project might reveal siblings of this unique star.
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Abstract
Pulsating subdwarf B stars oscillate in short-period p-modes or long-period g-modes. HS 0702
+6043 is one of the three objects currently known to show characteristics of both types and
hence is classified as hybrid pulsator. We briefly present our analysis of the g-mode domain
of this star, but focus on the first results from long-term photometric monitoring in particular
of the p-mode oscillations. We present a high-resolution frequency spectrum, and report on
our efforts to construct a multi-season O–C diagram. Additionally to the standard (although
nontrivial) exercise in asteroseismology to probe the instantaneous inner structure of a star,
measured changes in the pulsation frequencies as derived from an O–C diagram can be
compared to theoretical evolutionary timescales. Within the EXOTIME program, we also use
this same data to search for planetary companions around extreme horizontal branch objects
(”asteroseismic planets”).
Individual Objects: HS 0702+6043, HS2201+2610
Introduction
Subdwarf B stars (sdB stars) populate the extreme horizontal branch (EHB) at effective tem-
peratures between 20 000 and 40 000 K and surface gravities log(g/cm s−2) between 5.0 and
6.2. They are believed to be core helium-burning objects of half a solar mass with remaining
hydrogen envelopes too thin to sustain H-shell burning. The reason for losing almost all of
their original hydrogen envelope in earlier stages of their evolution is still unknown. The high
fraction of binaries among the sdB stars suggests that close binary evolution may play an
important role in their formation. The discovery of a planetary companion to HS 2201+2610
(Silvotti et al. 2007), the only case where the necessary kind of measurements for such a
discovery are available so far for an sdB star, now revives the idea that planets in wide orbits
may also play a role in the formation of these stars.
A fraction of the sdB stars shows pulsations. Variable subdwarf B stars (sdBV stars)
can be divided into the classes of rapid p-mode pulsators (sdBVr) and slow g-mode pulsators
(sdBVs), with three objects known so far to belong to both classes simultaneously (hybrid pul-
sators, sdBVrs). These are of particular interest since the two mode types probe different
regions within the star. Both types of pulsations are driven by a κ-mechanism where the
required opacity bump is due to iron and nickel accumulated by diffusion, resulting in phase-
stable pulsational behaviour (Charpinet et al. 1997; Fontaine et al. 2003; Jeffery & Saio 2006).
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Table 1: Photometric data of HS0702+6043. CA: Calar Alto, T: Tu¨bingen, SB: Steward Bok, G:
Go¨ttingen, L: Loiano, MB: Mt.Bigelow.
Date Site Length Date Site Length
Dec 1999 CA 1.2m 8.4h Feb 2008 T 0.8m 20.1h
Feb 2004 T 0.8m 7.3h Feb 2008 G 0.5m 32.2h
Feb 2004 SB 2.2m 12.0h Mar 2008 G 0.5m 0.6h
Jan 2005 CA 2.2m 56.0h Mar 2008 L 1.5m 8.0h
Dec 2007 T 0.8m 31.8h Nov07 - Mar08 MB 1.55m 424.0h
Dec 2007 G 0.5m 12.0h May 2008 G 0.5m 4.1h
The p-mode pulsators show low amplitudes (few ten mmag) and short periods (few min-
utes) at higher temperatures (roughly 30 000-35 000 K). In contrast, the g-mode pulsators
have even lower amplitudes (few mmag) and longer periods (30 to 90 min) at lower tempera-
tures (roughly 25 000-30 000 K). In a log g – Teff diagram, the hybrids are located at the inter-
face of the p-mode and g-mode instability regions (see Figure 1 in Lutz et al. 2008a). The class
prototypes are EC 14026-2647 (Kilkenny et al. 1997) and PG1716+426 (Green et al. 2003),
respectively. The known hybrids are HS 0702+6043 (Schuh et al. 2006), Balloon 090100001
(Oreiro et al. 2005; Baran et al. 2005) and HS 2201+2610 (Lutz et al. 2008b). Asteroseis-
mology has been one of the important tools to constrain the evolutionary history of subdwarf
B stars. While an asteroseismological solution provides an instantaneous ”snapshot” of the
interior stellar structure, extended monitoring of changes over several years in the short,
stable p-mode pulsation frequencies allows to directly measure evolutionary timescales P˙
which can be compared to predictions from evolutionary models. P˙ can be measured from
O–C diagrams, which will at the same time reveal the presence of potential planets that may
in turn have influenced the previous evolution.
EXOTIME
EXOTIME is the abbreviation of EXOplanet search with the TIming MEthod. This program
is led by Roberto Silvotti and Sonja Schuh. Being a collaborative long-term campaign, it
involves a substantial number of observers and telescopes all over the world which perform
ground-based time-series photometry. Basic information (target objects, observing schedule
etc. ) can be found on the program’s webpage http://www.na.astro.it/∼silvotti/exotime/.
While most of the more than 300 exoplanets are found around main sequence host stars,
EXOTIME searches planets orbiting evolved sdB pulsators, i.e. extreme horizontal branch
objects. Currently, the target list consists of five pulsating sdB stars, HS0702+6043 and
HS 2201+2610 being two of them. The search for exoplanets is performed with the timing
method or O–C analysis, which also allows to derive evolutionary timescales (described on the
example of HS 2201+2610 in a following section). Closely related to the search for exoplanets
orbiting sdB stars are evolutionary aspects of sdB stars, late-stage or post RG evolution of
planetary systems and the question if planets could be responsible for the extreme mass loss
of sdB progenitors.
HS 0702+6043
The sdB pulsator HS0702+6043 was first identified as a variable in a search program by
Dreizler et al. (2002). Its spectroscopic parameters place it at the common boundary of the
p- and g-mode instability regions and as mentioned above, Schuh et al. (2006) indeed first
revealed this object to be a hybrid pulsator. This detection triggered extensive follow-up
observations which are listed in Table 1.
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Figure 1: Periodogram of HS0702+6043 showing the two main pulsation periods f1 and f2. The inset
window is a zoom into the main peak.
There are photometric data available going back to 1999, but unfortunately with large
gaps in between. A regular monitoring was not performed until the end of 2007.
p-modes
The short-period p-modes are the relevant ones for the construction of a multi-seasonal
O–C diagram. From all the data until Feb 2008 (MB not included), we derived the high-
resolution frequency spectrum displayed in Figure 1, which shows the two dominant frequency
features f1 and f2 at frequencies of 2753.9 μHz (363.1 s) and 2606.1 μHz (383.7 s), respec-
tively. The corresponding amplitudes are 26.6 and 5.5mmag. Due to the large gaps in our
data archive, we cannot present a meaningful O–C analysis for HS 0702+6043 yet, but with
a regular EXOTIME monitoring we are confident that this will be possible within the next
two years.
g-modes
The Jan 2005 run (see Table 1) was initiated in order to resolve the low frequency g-mode
regime in HS 0702+6043 and indeed, three features could be identified in the data at fre-
quencies of 271.7 μHz, 318.1 μHz and 206.3 μHz (61.3 min, 52.4min, 80.8min) with ampli-
tudes of 1.8mmag, 1.3mmag and 0.9mmag, respectively. A periodogram can be found in
Lutz et al. (2008a).
HS 2201+2610
HS 2201+2610 is so far the only EXOTIME target for which an extended O–C analysis could
be executed (Silvotti et al. 2007). Regular data sets are available since 2000.
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Figure 2: O–C diagram of the main pulsation frequency of HS2201+2610. Each dot represents a whole
campaign. Top panel: parabolic fit, bottom panel: sinusoidal residuals. The sinusoidal component has a
semi-amplitude of 5.3 s. Plot by R.Silvotti.
O–C Analysis
An O–C (Observed minus Calculated) analysis is a way to measure the phase variations of a
periodic function. The observed times of the pulsation maxima (or minima) of the single runs
of an observational season are compared to the calculated ephemeris of the whole data set (see
e.g. Kepler et al. 1991). Different shapes in the O–C can be identified with different situations:
a parabolic shape indicates a linearly changing period, whereas a sinusoidal component can be
interpreted by cyclically advanced and delayed timings of the pulsation maxima (or minima)
due to the presence of a low-mass companion, which causes the pulsator to wobble around
the common barycenter. Figure 2 shows the O–C analysis for the main pulsation period of
HS 2201+2610, which is around 350 s at an amplitude of about 10mmag. The parabolic
shape of the O–C diagram in the top panel of Figure 2 indicates a linearly changing period of
P˙ = 1.46 · 10−12. Since this is a positive value, one can infer that this object is expanding,
i.e. cooling. The evolutionary timescale can be calculated as P/P˙ = 7.6Myr, consistent with
theoretical predictions (Charpinet et al. 2002). The bottom panel of Figure 2 displays the
sinusoidal residuals which are induced by the gravitational influence of a planetary mass body.
Some system parameters that can be derived are the companion’s mass of 3.2 Jupiter masses
(still with an uncertainty due to the unknown inclination), an orbital period of 1170 days,
an orbital separation of 1.7 AU, a star projected orbital velocity of 99m/s or a planet orbital
velocity of 16 km/s. For more system parameter and a detailed description of the applied
assumptions refer to Silvotti et al. (2007).
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DISCUSSION
Noels: I do not understand why you completely reject the single star scenario to explain sdB stars Are
you confident enough about mass loss rates during mass loss rates during red giant phase and helium
flashes to rule out such a scenario?
Jeffery: So far I have not seen any result that would lead me to believe that a single RGB star can lose
its envelope early. Helium flash models do not predict enhanced mass loss. Normal red giant winds do
not suggest removal of the entire H-envelope. Otherwise, I would expect to see many more sdB stars
than we do – especially in globular clusters. Having said that, the sdB stars in globular and old-red-dead
galaxies must have a significantly different progenitor population to those in the disk of the Galaxy. It is
conceivable that RGB winds behave differently in these environments. However I think it more likely that
a shift in the balance between the close-binary formation channels (merger versus common-envelope, for
example) is responsible for the different sdB statistics.
Lampens: Could it be that the problem with g-mode instability strip is due to the fact that many sdB
stars are close binaries and that g-modes are not intrinsically excited ?
Jeffery: Since only a fraction of g-mode sdBs are in close binaries, intrinsic excitation must operate in the
remainder and therefore, most likely, in all. Now that we understand the opacities better, I do not believe
there is any problem with the fundamental physics of the g-mode instability strip, though the details must
still be refined.
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Abstract
We present a mid-term report on a project aimed at partially identifying the main modes of
pulsation in the rapidly pulsating subdwarf B star PG 1047+003. Using the unique HIT-MS
mode on FORS2 at the VLT we obtained ∼3000 spectra spread over 4 consecutive half-nights
with a typical sampling rate of 20 s. These will be used to extract monochromatic pulsation
amplitudes and phases that can be fit to model predictions in order to determine the degree 
of the mode in question.
Individual Objects: PG 1047+003
Introduction
Subdwarf B (sdB) stars are hot (20,000 ≤ Teff ≤ 40,000 K), compact (5.0 ≤ log g ≤ 6.2),
evolved helium-core burning objects located on the extreme horizontal branch (EHB) of the
H-R diagram. It is thought that sdB progenitors lost almost all their hydrogen envelopes
near the tip of the red giant branch and thus settled on the EHB rather than on the usual
horizontal branch or in the red clump.
While a number of evolutionary scenarios have been proposed and simulated numerically
(e.g. Han et al. 2002, 2003), they remain to be tested observationally. A good way of
doing this is by determining the mass and hydrogen-thickness distribution of known sdB
pulsators from asteroseismology, since these depend sensitively on the formation channels.
Asteroseismic analyses leading to the determination of the targets’ fundamental parameters
(including the mass and hydrogen shell thickness) have so far been carried out for 12 fast
pulsators among sdB’s, and first evolutionary trends are emerging (see Fontaine et al. 2008
for a recent review).
Methodology
In contrast to many other types of pulsators known, a priori mode identification does not
always seem to be necessary for the successful asteroseismology of the rapidly pulsating so-
called EC 14026 stars (van Grootel et al. 2008). However, independent constraints on mode
identification nevertheless provide a nice consistency check for the validity of the asteroseis-
mic solutions found, and for some pulsating sdB stars, it may be necessary to discriminate
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Figure 1: Predicted pulsational amplitude variation across the Hβ line for a model with the atmospheric
parameters of PG 1047+003. The black curves refer to a degree index =1, while the red (grey) ones
indicate =2. For both cases, the dotted lines were computed assuming no radial velocity variations,
whereas for the continuous curves a radial velocity variation of 10 km/s was assumed.
Figure 2: As Figure 1, only for phase variations across the line.
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between models that match the observed periodicities equally well. Partial mode identifica-
tion for subdwarf B stars has so far been performed through the exploitation of multi-colour
photometry (e.g. Tremblay et al. 2006), the line-profile variations observed during a pulsa-
tion cycle (e.g. Telting et al. 2008), and rotational splitting induced for the case of a rapid
rotator (e.g. Charpinet et al. 2005), with varying success. While the first two methods can,
in principle, be applied to all pulsating subdwarf B stars, their mode identification power is
in practice severely limited by the S/N of the observations.
The aim of this project is to test the mode identification potential of time-resolved low-
resolution spectroscopy. Essentially an extended version of the multi-colour method, the
technique proposed makes use of the strong signature of the degree index  on the amplitudes
and phases in the spectral lines, which is lost when analysing wavelength-integrated data. It
was quite successfully applied to the ZZ Ceti white dwarf G29-38 (Clemens et al. 2000). We
recently incorporated radial velocity variations into our white dwarf and sdB model atmosphere
codes, which were previously used only for the mode identification of oscillations observed
with multi-colour photometry (see Randall et al. 2005). This upgrade allows us to accurately
model the monochromatic amplitude and phase variations expected across the spectral lines
for different pulsation modes. Figures 1 and 2 respectively show the resulting amplitude
and phase variations across the Hβ line for a subdwarf B star model with the atmospheric
parameters of PG 1047+003 (see below) for modes with =1 (black) and =2 (red). Looking
at the plots, it is particularly the changes in phase across the line profile that appear to hold
significant discriminative power with respect to the degree index of the mode in question.
PG 1047+003
PG 1047+003 is a relatively bright (V =13.47), apparently single, rapidly pulsating subd-
warf B star with 16 confirmed independent periods in the 90-162 s range at relatively low am-
plitudes below 10 mmags (Bille`res et al. 1997; O’Donoghue et al. 1998; Kilkenny et al. 2002).
In accordance with the published values, our own analyses of high S/N spectra obtained on
the MMT and the Kitt Peak 90” telescope (E.M. Green, private communication) indicate
atmospheric parameters Teff ∼35,000 K and log g ∼5.82, placing PG 1047+003 towards the
high temperature and gravity end of the EC 14026 instability strip. Incidentally, PG 1047+003
was one of the first sdB stars to be submitted to a preliminary asteroseismological analysis
(Charpinet et al. 2003). We attempted a more extensive search in parameter space using an
updated code (see e.g. van Grootel et al. 2008 for more details on this), and found 4 solutions
that are in agreement with spectroscopic estimates of the effective temperature and surface
gravity. However, none of these are entirely convincing from a mode identification point of
view: because of the observed mode density, it is very difficult to find a model with a good
period match that does not include at least 2 modes with =3. The latter are thought to have
extremely low amplitudes when integrated over the visible disk of the star, and should not
be readily detectable (Randall et al. 2005). Therefore, it makes sense to place independent
constraints on the degree indices of the observed periodicities in order to solve the mystery.
This is precisely what we will attempt with the data presented in the next section.
Observations
We obtained low-resolution time-series spectroscopy of PG 1047+003 using the unique HIT-
MS mode of FORS2 mounted at VLT−UT1 in Chile. Rarely used and not very well publicized,
the HIT mode allows the acquisition of fast time-series photometry or spectroscopy with
virtually no dead time in between frames. It overcomes the ”problem” of the readout time
by exposing only a small part of the chip and successively shifting the exposed blocks of
rows across the CCD while already integrating on the next spectrum. This way, 42 events
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Figure 3: Typical individual extracted and wavelength calibrated spectra of PG 1047+003 as obtained
with FORS2 in HIT-MS mode setting the exposure time to 20 s. The upper spectra have been arbitrarily
shifted in the y-direction for visualisation purposes; the S/N of the individual spectra shown is around 40.
Note that some residual instrumental effects appear to remain since the data reduction products shown
are only preliminary.
can be recorded per 40-s readout of the chip. These events may be either simple imaging,
low-resolution spectra, or even pairs of target and comparison star spectra. In spectroscopy
mode, the wavelength ranges from 3300−6012 A˚ (grism 600B) or 6000−11,000 A˚ (grism
300I) can be covered at low resolution.
We were allocated 4 half-nights of observing time. Of these, we lost a few hours to
clouds, but apart from that conditions were mostly clear with the seeing varying between
0.6” and 1.6”. In total, we accumulated 2976 spectra with an integration time of 20 s and a
wavelength resolution of ∼ 3.5 A˚ at 4500 A˚. Figure 3 shows 4 consecutive spectra obtained
on our third night of observation; the sequence shown therefore has a total time baseline of
80 s, similar to the shortest pulsations detected for PG 1047+003. From a visual inspection
of the plot there appear to be no systematic variations from one spectrum to the next that
could be attributed to the oscillations. However, these are likely too weak to be seen and will
be uncovered only from careful Fourier analysis, which is the next step planned.
Conclusions
Using the unique HIT-MS mode offered on FORS2 at the VLT, we obtained a large number of
fast time-series spectra of the rapidly pulsating subdwarf B star PG 1047+003. While there
is no immediate evidence of pulsation in the reduced spectra, the main modes of oscillation
will likely be uncovered using more sophisticated techniques since the S/N of the individual
measurements is relatively high. We are hopeful that this will eventually yield constraints on
the degree indices of the dominant modes of pulsation.
194 Mode identification in rapidly pulsating subdwarf B stars from monochromatic amplitude- and phase variations
Acknowledgments. We would like to acknowledge the help of the science operations staff
at Paranal, in particular that of Kieran O’Brien, who gave us advice on the best observing
strategy to pursue with the rather complicated HIT-MS mode.
References
Bille`res, M., Fontaine, G., Brassard, P., et al. 1997, ApJ, 487, L81
Charpinet, S., Fontaine, G., Brassard, P., et al. 2005, A&A, 443, 251
Charpinet, S., Fontaine, G., & Brassard, P. 2003, NATO Sciences Series II, 105, 69
Clemens, J. C., van Kerkwijk, M. H., & Wu, Y. 2000, MNRAS, 314, 220
Fontaine, G., Brassard, P., Charpinet, S., et al. 2008, ASPC, 392, 231
Han, Z., Podsiadlowski, P., Maxted, P. F. L., et al. 2002, MNRAS, 336, 449
Han, Z., Podsialowski, P., Maxted, P. F. L., & Marsh, T. R. 2003, MNRAS, 341, 669
Kilkenny, D., Bille`res, M., Stobie, R. S., et al. 2002, MNRAS, 331, 399
O’Donoghue, D., Koen, C., Lynas-Gray, A. E., et al. 1998, MNRAS, 296, 306
Randall, S. K., Fontaine, G., Brassard, P., & Bergeron, P. 2005, ApJS, 161, 456
Telting, J. H., Østensen, R. H., Geier, S., et al. 2008, A&A, ASPC, 392, 301
Tremblay, P.-E., Fontaine, G., Brassard, P., et al. 2006, ApJS, 165, 551
van Grootel, V., Charpinet, S., Fontaine, G., et al. 2008, A&A, 488, 685
DISCUSSION
Kepler: Did you do your flux calibration?
Randall: Not yet, however we did obtain spectra for a specphot standard and plan to flux calibrate the
data in the future.
Dupret: For feasible mode identification you need atmosphere models appropriate for your type of stars.
Could you precise which atmosphere models you use and their validity in this context? The same question
applies also for the limb darkening law.
Randall: We use our own local sdB model atmospheres incorporating hydrogen and helium (but no
metals) and non-LTE effects. On the basis of these, we compute our own specific intensities and their
derivatives with respect to log g and log Teff
Noels: You said that mode identification was not unnecessarily a main goal of asteroseismology. It is
probably true for sdBs but not the case for other variable stars like SPB and β Cep stars, especially since
we never have an infinite accuracy in the effective temperature
Randall: I completely agree. I simply wanted to point out that, in a number of cases, sdB asteroseismology
does not rely on a priori mode identification. However, mode identification using an independent means
can provide an important consistency check for the asteroseismic solution found, and is certainly an
interesting exercise, even for rapidly pulsating subdwarf B stars.
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Abstract
Standard models of stellar structure are unable to account for various observational facts,
such as the appearance at the surface of chemical elements that have been produced in the
nuclear core. Thus there is now a large consensus that some ‘extra mixing’ must occur in
the radiation zones. This mixing is achieved mainly through the shear-turbulence generated
by the differential rotation, which itself results from the transport of angular momentum by
a large-scale circulation that is induced either by the structural adjustments accompanying
the evolution or by the applied torques (stellar wind, accretion, tides). These processes are
now being implemented in stellar evolution codes, and they provide a much better agreement
with the observations.
The observational evidence
Until recently, stellar models ignored the possibility that some mixing could occur in the
radiation zones of stars. But the situation is changing because there is increasing evidence
for such mixing, which we shall briefly review.
It is well-known that some A-type stars display anomalies in their surface composition,
when they are compared to other, ‘normal’ stars. These peculiarities were successfully ascribed
to radiative acceleration and gravitational settling, by Michaud (1970) and his collaborators.
But it turns out that these atomic processes are so efficient that they would produce surface
anomalies that are much more pronounced than those observed. For instance, helium would
disappear from the surface of A-type stars in about one million years, as was pointed out by
Vauclair et al. (1974). Since this is not observed, Vauclair et al. (1978) suggested that some
mild turbulence operates near the surface to smooth the composition gradients.
In the Sun also, the profile of the sound velocity below the convection zone, which we
know thanks to helioseismology, reveals that the settling of helium is hindered by some mixing.
Another proof of such mixing is the striking flatness of the celebrated Spite
plateau, with the 7Li abundance in halo stars depending little on effective temperature
(Spite & Spite 1982). If element segregation were alone to operate, the Li depletion would
increase with effective temperature, as was recognized by Deliyannis et al. (1990). Therefore
one must invoke again some mild mixing in the surface region to enforce the flatness of this
plateau.
Finally the overabundance, observed at the surface of massive stars, of chemical ele-
ments that are synthesized in the nuclear core (such as He and N), can only be explained
if the radiative envelope has undergone some mixing (cf. Meynet & Maeder 2000). Inter-
estingly, these overabundances seem to be correlated with the rotation velocity of the stars
(Herrero et al. 1992).
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There are thus many indications that radiation zones undergo some kind of mixing, and
we believe that its causes have now been identified: these are the large scale circulation
required by the transport of angular momentum, and the turbulence generated by the shear
of differential rotation.
Meridional circulation
In its original treatment (Eddington 1925; Vogt 1925), the meridional circulation was ascribed
to the fact that the radiative flux is no longer divergence-free in a rotating star, due to the
centrifugal force. The characteristic time of the circulation was derived by Sweet (1950),
and has since been named the Eddington-Sweet time: tES = tKH(GM/Ω2R3), with tKH =
GM2/RL being the Kelvin-Helmholtz time. R, M , L designate respectively the radius,
mass and luminosity, Ω the angular velocity and G the gravitational constant. Sweet’s result
suggested that rapidly rotating stars should be well mixed by this circulation, and therefore
that they would not evolve to the giant branch, as observed.
However, these early studies overlooked the fact that the circulation carries angular mo-
mentum and modifies the rotation profile: starting from initial conditions, the star undergoes
a transient phase which lasts indeed about an Eddington-Sweet time, after which it settles
into a quasi-stationary regime where the circulation is governed solely by the torques applied
to the star. For instance, when the star loses angular momentum through a strong wind, the
circulation adjusts precisely such as to transport that momentum to the surface (Zahn 1992).
The resulting rotation is then non-uniform, and a baroclinic state sets in, with the tempera-
ture varying with latitude along isobars. On the other hand, when the star does not exchange
angular momentum, the circulation would die altogether, as predicted by Busse (1982), if it
had not to compensate the effects of structural adjustments (contraction, expansion) as the
star evolves, and the weak turbulent transport down the gradient of angular velocity that will
be discussed next.
Shear turbulence caused by differential rotation
Since the rotation regime that results from the applied torques is not uniform, the shear
of that differential rotation is prone to various instabilities, which generate turbulence and
therefore mixing. Here we shall consider only those that apparently play a major role, namely
the shear instabilities.
Turbulence produced by the vertical shear
Let us first examine the instability produced by the vertical shear, Ω(r). This instability is very
likely to occur, because the Reynolds number characterizing such flows in stars is extremely
high, due to the large sizes involved. However the stable entropy stratification acts to hinder




where Vh is the horizontal velocity, z the vertical coordinate, and NT the buoyancy frequency
defined by N2T = (gδ/HP )(∇ad−∇), with the classical notations and δ = −(∂ lnρ/∂ ln T )P .
This condition is known as the Richardson criterion; the critical Richardson number Ric is
of the order of unity and it depends somewhat on the rotational profile.
In a stellar radiation zone, this criterion is modified because the perturbations are no longer
adiabatic, due to thermal diffusion. When the radiative diffusivity K exceeds the turbulent
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diffusivity Dv = w ( and w represent the size and the vertical velocity of the largest eddies),








From the largest eddies that fulfill this condition, one can derive the turbulent diffusivity Dv
acting in the vertical direction in the radiation zone of a star. However this instability criterion
(2) holds only in regions of uniform composition, where the stability is enforced solely by the
temperature gradient; when the molecular weight μ increases with depth, it seems at first
sight that one should replace this criterion by the original one, expression (1), where now the
buoyancy frequency is dominated by the gradient of molecular weight:






with ϕ = (∂ lnρ/∂ ln μ)P,T . However, as Meynet and Maeder (1997) pointed out, this
condition is so severe that it would prevent any mixing in early-type main sequence stars,
contrary to what is observed. We shall see below how that stabilizing action of μ-gradients
can be overcome.
Turbulence produced by the horizontal shear
Likewise, the horizontal shear Ω(θ) will also generate turbulence, and this turbulence will
probably be highly anisotropic, with much stronger transport in the horizontal than in the
vertical direction, i.e. Dh  Dv. This will thus lead to a ‘shellular’ rotation state, where the
angular velocity depends little on latitude, and where one can assume that Ω ∼ Ω(r).
Such anisotropic turbulence interferes with the meridional circulation, turning the advec-
tive transport into a vertical diffusion (Chaboyer & Zahn 1992). If the vertical velocity of
the circulation is given by ur(r, θ) = U(r)P2(cos θ), where P2 is the Legendre polynomial of







provided that Dh ≥ rU . Unfortunately, a reliable prescription for that horizontal dif-
fusivity Dh is still lacking, in spite of recent attempts to improve it (see Maeder 2003;
Mathis et al. 2004).
Another property of such anisotropic turbulence is that, by smoothing out chemical in-
homogeneities on level surfaces, it reduces the stabilizing effect of the vertical μ-gradient.
The Richardson criterion for the vertical shear instability then involves the horizontal diffu-
sivity Dh: and the vertical component of the turbulent viscosity can be derived as before
















Rotational mixing of type I
The two transport processes that have just been discussed (meridional circulation and shear-
induced turbulence) are both linked with the differential rotation. Therefore, when modeling
the evolution of a star including these mixing processes, it is necessary to calculate also the
evolution of its rotation profile Ω(r) (since Ω is a function of r only, due to the anisotropic
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turbulence mentioned above). Then all perturbations separate in r and colatitude θ, as illus-
trated here for the vertical component of the meridional velocity: ur(r, θ) = U(r)P2(cos θ).
For a detailed account of how this modelization may be implemented, we refer to Zahn (1992),
Maeder & Zahn (1998) and Mathis & Zahn (2004).
We first examine the simplest case, that we call ‘rotational mixing of type I’, where the
angular momentum is transported by solely the same processes that are responsible for the
mixing, namely meridional circulation and turbulent diffusion. The angular velocity then
























+ applied torques, (5)
with νv ≈ Dv given by (4). In spite of the fact that this equation is one-dimensional,
it captures the advective character of the angular momentum transport by the meridional
circulation: depending on the sense of the circulation, angular momentum may be transported
up the gradient of Ω, which is never the case when the effect of meridional circulation is
modeled just as a diffusive process, as it is done most often.
The circulation is governed mainly by the applied torques. When the star loses little
angular momentum, or none, it settles into a regime of differential rotation where a weak
inward flux of angular momentum compensates the turbulent diffusion directed outwards. On
the other hand, when the star loses a large amount of angular momentum, the circulation
adjusts itself such as to transport precisely that amount towards the surface (Zahn 1992).
Massive main sequence stars belong to the first category, and their models have been
seriously improved by the implementation of rotational mixing (Maeder & Meynet 2000). The
theoretical isochrones agree with the observed ones, and such rotational mixing accounts well
for the observed enhancement of He and N at the surface of early-type stars (Talon et al. 1997;
Meynet & Maeder 2000 and subsequent papers). Combined with a suitable description of the
mass loss, this type of mixing also predicts the observed proportion of blue and red giants.
Finally, such mixing accounts well for the destruction of Li on the blue side of the Li gap, as
was shown by Charbonnel and Talon (1999).
The second case applies to solar-type stars, whose modeling has been much less success-
ful, until very recently. In those stars, which lose most of their angular momentum through
a magnetized wind (Schatzman 1962), the meridional circulation adjusts so as to carry the
required angular momentum towards the surface, at least in the absence of other processes
(Zahn 1992). One would then expect that the amount of mixing, and hence the depletion
of light elements, be proportional to the loss of angular momentum. This would have conse-
quences that are not confirmed by the observations. To quote the most severe observational
test, models that are built according to equation (5), i.e. including only turbulence and merid-
ional circulation, conserve a fast rotating core (Pinsonneault et al. 1989), which is ruled out
by helioseismology. Therefore another, more powerful process is responsible for the transport
of angular momentum in solar-type stars; by shaping the rotation profile, it will also, though
indirectly, determine the extent of mixing.
Rotational mixing of type II
In what we call rotational mixing of type II, the chemical elements are still transported by
the meridional circulation and the turbulence caused by differential rotation, but the angular
momentum is carried by another process, such as magnetic torquing or internal gravity waves.
Magnetic field
Magnetic fields, because they are almost ‘frozen’ in the highly conducting stellar material, are
very powerful in reducing differential motions. This was already pointed out by Mestel (1953),
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who claimed that a fossil magnetic field of moderate strength would render stellar rotation
nearly uniform. More precisely, in presence of an axisymmetric poloidal field, the angular
velocity tends to become uniform along the field lines, a property referred to as Ferraro’s
law (1937). Thus if the poloidal field lines lie entirely in the radiation zone of a star, they
impose uniform rotation there.
The situation changes however when the poloidal field connects with a differentially ro-
tating convection zone, such as that in the Sun. Then this latitude dependent rotation is
transmitted along the field lines, and the result is a non uniformly rotating radiation zone,
as illustrated by the calculations made by Charbonneau and MacGregor (1993), a behavior
that has been confirmed by Brun and Zahn (2006) through 3-dimensional time-dependent
calculations. We are thus led to conclude that, in the Sun at least, it is not the magnetic
field that is responsible for the uniform rotation of the radiative interior.
In other stars, such as magnetic A-type stars, fossil fields presumably play a much more
important role. They could for instance inhibit completely the rotational mixing. However,
certain field configurations are unstable, and they could produce MHD turbulence, and possi-
bly mixing, before they relax into a stable state. This is now being explored through numerical
simulations.
Internal gravity waves
Since magnetic fields seem unable to enforce uniform rotation in the radiative interior of solar-
type stars, we must turn to the other possible mechanism, namely the transport of angular
momentum by the internal gravity waves emitted by the turbulent motions at the base of the
convection zone.
The restoring force operating on gravity waves is the buoyancy force: therefore they
travel only in stably stratified regions, i.e. in radiation zones. There, they transport angular
momentum which they deposit wherever they are dissipated through radiative damping. It is
by shaping the rotation profile that they indirectly participate in the mixing of chemicals.
This scenario has been tested through numerical simulations performed by
Talon et al. (2002), using a rather crude approach with imposed turbulent viscosity. It
has since been confirmed through more detailed and more realistic calculations; beside the
internal gravity waves, these also include the meridional circulation and the shear induced
turbulence (Charbonnel & Talon 2005).
The result is spectacular: internal gravity waves succeed in achieving nearly uniform ro-
tation in solar-type stars at the solar age, as demonstrated by Talon & Charbonnel (2003,
2004, 2005). Furthermore their models predict the observed Li abundances: they explain the
Spite plateau for population II stars, and the Li dip in galactic clusters.
Conclusion
To summarize, we are entering a new era of modeling stellar interiors, where rotation will be
taken into account, as well as the transport processes operating in the radiation zones. Most
pieces of this scheme are now based on robust prescriptions, but some weaknesses remain.
Above all, we need to improve the description of the turbulent transport, in particular
that operating in the horizontal direction. Also, the way we handle the generation of internal
gravity waves is far from satisfactory. We must clarify whether the gravity waves are able
to diffuse chemicals, beside transporting angular momentum. Finally, we have to introduce
magnetic fields in our models, at least where we think that they could play a role. In all these
subjects, there is much to be expected from the high-resolution numerical simulations that
are now undertaken.
But as they stand, the transport processes presented above have already been implemented
in several stellar evolution codes. Their treatment will continue to benefit from observational
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constraints, in particular those we anticipate from asteroseismology, to which this HELAS
workshop was dedicated. It is clear that rotational mixing will soon be integrated in the
accepted standard model.
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DISCUSSION
Dupret: For which type of stars, stellar evolution and ages is macroscopic mixing due to differential
rotation expected to be important?
Zahn: Rotational mixing is expected to play a role nearly everywhere in stellar evolution by changing the
internal composition profile.
Grevesse: Solar models including rotational mixing and internal gravity waves fit much better the
observations (of internal rotation, and of Be not being destroyed). Do these models suffer the same
problem as the standard ones when new solar abundances are used?
Zahn: The theoretical description of rotational mixing has not yet reached that level of sophistication to
test its sensitivity to such changes in composition.
Guzik: Since we don’t know the spectrum or amplitude or damping of gravity waves, how did Talon &
Charbonnel model Li abundance for stars? Were there assumptions made about the gravity waves? Could
we infer anything about gravity waves from the observations?
Zahn: Talon & Charbonnel applied the method by Goldreich et al. (1993) to determine the spectrum
of gravity waves. That method predicts a spectrum of p-modes that agrees well with the observations.
For gravity waves there is also another mechanism, located at the base of convective zone, due to
convective overshoot. So it is likely the effect of gravity waves is actually underestimated by Talon
& Charbonnel, who take into account only the bulk excitation by Reynolds stresses, as did Goldreich et al.
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Abstract
In this review, I discuss pulsational stability of low frequency g-modes and r-modes of rapidly
rotating main sequence stars. I also discuss a possible role of low frequency modes in angular
momentum transfer in the stars.
Low Frequency Pulsation and Rapid Rotation
Recent detection of low frequency oscillations in rapidly rotating Be stars, by MOST
and COROT satellites, has made promising an asteroseismic study of the stars (e.g.,
Walker et al. 2005, Saio et al. 2007, Cameron et al. 2008). Mode identification and modal
stability analysis are two essential parts of the study.
By low frequency oscillations I mean those whose frequency ω in the co-rotating frame of
the star is less than
p
GM/R3, where G is the gravitational constant, and M and R are the
mass and radius of the star, respectively. Internal gravity waves (g-modes) and inertial waves
such as r-modes are examples of low frequency modes. Since we have for a rapidly rotating
star Ω ∼
p
GM/R3 with Ω being the angular rotation frequency of the star, the term mΩ
can have a dominant contribution to the frequency σ = ω − mΩ of a mode observed in an
inertial frame so that
σ ∼ −mΩ, (1)
where m denotes the azimuthal wave number of the mode. (Note that since the temporal and
azimuthal dependence of oscillation is given by a factor exp i (ωt + mφ) in this paper, if we as-
sume ω > 0, negative and positive values of m correspond to prograde and retrograde modes,
respectively.) This suggests that low frequency oscillations of a rapidly rotating star form fre-
quency groups in an inertial frame, to each of which a value of the azimuthal wave number
m can be assigned (see, e.g., Walker et al. 2005, Saio et al. 2007, Cameron et al. 2008).
Theoretical analysis of low frequency oscillations in a rapidly rotating star is a difficult
task. Rotation cannot be treated as a small perturbation to the oscillation unless |Ω/ω|  1.
Since separation of variables is not possible for oscillations of a rotating star, equations that
govern the oscillations become a set of linear partial differential equations, even if we assume
the equilibrium structure of the rotating star is axisymmetric about the rotation axis. If
we assume that the temporal and azimuthal dependence of the perturbations is given by
exp i (ωt + mφ), the oscillation equations are reduced to a set of linear partial differential
equations in r and θ. We may count at least three methods to integrate the oscillation
equations:
• We can expand the perturbations in terms of spherical harmonic functions Y ml (θ, φ) for
a given m. The radial component of the displacement vector and the Euler perturbation
of the pressure, for example, are given by















(θ, φ) eiωt, (2)
where lj = |m| + 2(j − 1) for even modes and lj = |m| + 2j − 1 for odd modes
with j = 1, 2, 3, · · · , jmax. Substituting these expansions of finite length into
the linearized basic equations, we obtain a set of coupled linear ordinary differential




which is solved as a boundary-eigenvalue problem by using a standard method (e.g.,
Lee & Baraffe 1995, Lee 2001; see also Dintrans & Rieutord 2000).
• We may apply the traditional approximation, which makes possible the separation of
variables in an approximate way by introducing the separation factor λk,m (2Ω/ω),
which is an eigenvalue of Laplace’s tidal equation, and tends, as 2Ω/ω → 0, to
lk (lk + 1) with lk = |m| + k for a positive integer k. Since the perturbations in
the traditional approximation are represented by
ξr = Ξk (r)Θ
m
k (μ; ν) e
i(mφ+ωt), p′ = Πk (r)Θ
m
k (μ; ν) e
i(mφ+ωt), (3)
where μ = cos θ, ν = 2Ω/ω, and Θmk (μ; ν) denotes an eigenfunction of the Laplace
equation, we may classify the modes using the eigenvalue λk,m (e.g., Lee & Saio
1997). The oscillation equations in the traditional approximation are obtained by simply
replacing by λk,m the factor l(l + 1) in the oscillation equations for a nonrotating star
and they may be solved by using a standard numerical method (e.g., Townsend 2005;
Dziembowski et al. 2007). See also a review by Gerkema et al (2008) for the traditional
approximation.
• We can directly integrate numerically oscillation equations given as a set of linear partial
differential equations in r and θ (e.g., Savonije 2005, 2007).
The frequency spectrum of low frequency modes of a rotating star may be computed in
good approximation under the traditional approximation (e.g., Lee & Saio 1987). But, the
pulsational stability of the modes cannot be reliably determined by using the traditional
approximation, particularly for rapidly rotating stars, because the pulsational stability is influ-
enced by coupling between traditional modes associated with λk,m with different indices k
for a given m.
In Figures 1 and 2, I show examples of numerical stability analyses of low frequency
modes using the traditional approximation (left panel) and the expansion method (right
panel) for a 5M

main sequence model rotating at a rate Ω/
p
GM/R3 = 0.7, where the
growth rate η = −ωI/ωR of unstable modes is plotted versus the inertial frame frequency
σ¯. Note that low frequency modes of slowly pulsating B (SPB) stars are known to be
excited by the opacity bump mechanism, and this same mechanism should also be effective
to excite low frequency modes in rapidly rotating Be stars (e.g., Lee 2001; Townsend 2005;
Sovonije 2005, 2007; Dziembowski et al. 2007). As shown by the figures, a number of both
prograde and retrograde g-modes are found unstable under the traditional approximation,
but only the prograde g-modes are found unstable if we use the expansion method, which
includes the effects of rotational deformation of the equilibrium structure. We also note that
odd r-modes are found unstable but even r-modes stable, and that the stability of the r-
modes does not strongly depend on the method of calculation. The asymmetry of pulsational
stability of prograde and retrograde g-modes in rapidly rotating Be stars has been suggested
by Lee (2001), who attributed the cause of the asymmetry to coupling between traditional
modes associated with λk,m of different indices k for a given m. Savonije (2005, 2007),
with his two-dimensional calculation, confirmed that retrograde g-modes of a rapidly rotating
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Figure 1: Growth rate η = −ωI/ωR of unstable even g-modes with |m| = 1 and 2 for a 5M main
sequence model rotating at a rate Ω/
p
GM/R3 = 0.7. The left and right panels are for modes calculated
using the traditional approximation and the expansion method, respectively.
star are largely stabilized by Coriolis coupling between the g-modes. Comparing stability
calculations with and without the effects of rotational deformation of an equilibrium structure,
it is found that rotational deformation plays a role in the stabilization of retrograde g-modes
although the effects depend on the stellar mass. Since the effects of rotational deformation
are included only in an approximate way in the numerical analysis using the expansion method
(Lee & Baraffe 1995), an improvement in the treatment of rotational deformation is desirable
to make more reliable pulsational stability analyses of rapidly rotating stars.
With MOST experiment, Walker et al. (2005) and Saio et al. (2007) have detected low
frequency oscillations in rapidly rotating Be stars. Using the expansion method with the
effects of deformation included, they have carried out theoretical calculations of pulsational
stability of low m g- and r-modes for rotating B star models. They found that only prograde
g-modes and retrograde r-modes, which can be fitted to the detected frequencies except
for the very low frequency oscillations, are unstable, and that except for a few g-modes
having ω ∼
p
GM/R3, almost all retrograde g-modes are stable. Under the traditional
approximation, on the other hand, a number of both prograde and retrograde g-modes are
found unstable (Dziembowski et al 2007), and an additional physical effect like visibility of the
modes has been considered in order to fit the stability analysis results under the approximation
to the detected frequencies (Daszy´nska-Daszkiewicz et al. 2007). More theoretical studies
will be necessary.
Angular momentum transfer by low frequency oscillations
Using a theory of wave mean-flow interaction as a guide, I discuss the acceleration of a zonal
flow in the surface region of a rapidly rotating Be star. Here, I expect that this acceleration
takes place as a result of angular momentum transfer (re-distribution) in the interior, which
is caused by non-axisymmetric (m = 0) low frequency modes excited by the opacity bump
mechanism, expecting that the accelerated material will be expelled to form a disc around
the Be star. In astrophysics, the theory of wave mean-flow interaction has been applied to
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Figure 2: Growth rate η = −ωI/ωR for unstable odd g- and r-modes with |m| = 1 and 2 for a 5M
main sequence model rotating at a rate Ω¯ = 0.7, where the pluses and the filled circles are for g-modes
and r-modes, respectively. The left and right panels are for the results obtained by applying the traditional
approximation and the expansion method, respectively.
various problems, including synchronization between the orbital motion and stellar rotation in
a binary system (Zahn 1975, 1977), Be phenomena (Ando 1982, 1983, 1986), and evolution
of the interior rotation velocity of the sun (e.g., Charbonnel & Talon 2005).
Let us decompose, e.g., the velocity field of a fluid element in a star as
v = v(0) + v(1) + v(2), (4)







v(1)dφ = 0, (5)
where the bar indicates the zonal average. The mean-flow component is given by
v = v(0) + v(2), (6)
where v(2) is a slowly changing part in a time scale much longer than the periods of the waves.
If we let a denote a measure of wave amplitudes, we have v(1) ∼ O(a) and v(2) ∼ O(a2)
as a → 0. Substituting such decomposition of physical quantities into the basic equations,
we obtain a set of partial differential equations for the mean-flow quantities. As a result of
zonal averaging, the resultant equations contain the second-order terms like v(1)i v
(1)
j , where
the wave quantities such as v(1) are assumed known as a solution to linear wave equations.
An example of a set of mean-flow equations may be found in Andrews & McIntyre (1976).
It is difficult to solve the mean-flow equations in general.
For a rotating star, it will be reasonable to assume that
v(0) =
“
0, 0, , v(0)φ = r sin θΩ
”
, v(1) = v′ = iωξ− r sin θ (ξ · ∇Ω) eφ, (7)
where ξ is the displacement vector.
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Figure 3: 1/τacc versus r/R for a m = 1 r-mode of a 5M main sequence star rotating at
Ω/
p
GM/R3 = 0.7. The amplitude normalization is given by Sl1 (R)/R = 1.
The evolution equation of angular momentum in an inertial frame may be given by (e.g.,



























where the Eliassen-Palm flux (SEPrφ , S
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and s denotes the specific entropy. For non-dissipative and non-transient waves, it has
been argued that the right-hand side of equation (8) vanishes and hence no acceleration
of the zonal flow occurs, which is known as a non-acceleration theorem (e.g., Dunkerton
1980). A non-acceleration theorem for the astrophysical application has been proved by






























f sin θdθ. (12)
The expression (11) for the flux is the same as that proposed by Pantillon et al. (2007).
Equation (10) is our basic equation to discuss angular momentum transfer (redistribution) in
the stellar interior by non-axisymmetric (m = 0) modes of a rotating star.
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where w denotes the work integral. This equation suggests that the acceleration of a zonal
flow (rotation) takes place in a driving region (dw/dr > 0) for a retrograde (m > 0) mode
but in a damping region (dw/dr < 0) for a prograde (m < 0) mode. For oscillations of
rapidly rotating stars, we do not necessarily obtain a relation similar to equation (13), which
can still be a good approximation.
Low frequency oscillations observed in rapidly rotating Be stars are excited by the opacity
bump mechanism, and they suffer strong nonadiabatic effects like excitation and damping of












which measures the strength of acceleration (deceleration) of the zonal flow. As an example,
in Figure 3, we plot 1/τacc versus the fractional radius r/R for a m = 1 r-mode of a 5M

main sequence model rotating at Ω/
p
GM/R3 = 0.7, where the amplitude normalization
is given by Sl1(R)/R = 1. A strong acceleration occurs at the surface. We can obtain
similar behavior of 1/τacc for unstable prograde g-modes. To determine the efficiency of
the acceleration caused by many unstable g- and r-modes, we need to know amplitudes of
the excited modes, which requires a nonlinear theory of oscillations of a rotating star (e.g.,
Schenk et al. 2002).
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Abstract
In this work, the complete interaction between low-frequency internal gravity waves and
differential rotation in stably strongly stratified stellar radiation zones is examined. First,
the modification of the structure of those waves due to the Coriolis acceleration is obtained.
Then, their feed-back on the angular velocity profile through their induced angular momentum
transport is derived. Finally, perspectives are discussed.
Motivation
Internal Gravity Waves (hereafter IGWs) are now considered as an essential transport mecha-
nism in (differentially) rotating stellar radiation zones which are the seat of the mixing during
star evolution (cf. Talon & Charbonnel 2005). Furthermore, they could be excited by turbu-
lent movements induced by adjacent convective regions at low frequencies (∼ 1μHz in the
Sun) that are of the order of the inertial one (2Ω, Ω being the star’s angular velocity). The
Coriolis acceleration is thus an essential restoring force for the wave dynamics as the buoyancy
one associated with the stable stratification. Moreover, IGWs are excited and propagate in
regions that are differentially rotating both in the radial and in the latitudinal directions. This
is the reason why we undertake in this work the treatment of the complete interaction between
the low-frequency IGWs and the differential rotation, which is chosen to be the more general
as possible (Ω (r, θ)). We derive their spatial structure modified by the Coriolis acceleration
and their feedback on the angular velocity profile through their induced angular momentum
transport.
Low-frequency IGWs in differentially rotating radiation zones
To treat the IGWs dynamics in a differentially rotating star, we have to solve the complete
inviscid system formed by the momentum equation














the continuity equation (∂t+Ω∂ϕ) eρ + ∇ · (ρu) = 0, the energy transport equation which we












ur = 0 (2)
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and the Poisson’s equation ∇2eΦ = 4πGeρ. ρ, Φ, P are respectively the fluid density,
gravific potential and pressure. Each of them has been expanded as: X (r, θ, ϕ, t) =
X (r) + eX (r, θ, ϕ, t) where X is the mean hydrostatic value of X on the isobar, eX be-










frequency where Γ1 = (∂ lnP/∂ lnρ)S (S being the macroscopic entropy) is the adi-
abatic exponent. u is the wave velocity field. Finally, (r, θ, ϕ) are the usual spheri-
cal coordinates with their unit vector basis {bek}k=r,θ,ϕ while bez = cos θ ber − sin θ beθ
is the one along the rotation axis. t is the time and G the universal gravity constant.
To solve this system, three main approximations can be assumed:
- the JWKB approximation: waves which are studied here are low-frequency ones such
that σ<<N (σ is the wave frequency in an inertial reference frame; see Talon & Charbonnel
2005 and Pantillon et al. 2007 for a detailed discussion of their spectrum). Then, the JWKB
approximation can be adopted.
- the Traditional approximation: stellar radiation zones are stably strongly stratified
regions. Then, in the case where the angular velocity (Ω) is reasonably weak compared to
the break-down one, ΩK =
p
G M/R3 (M and R being respectively the star’s mass and
radius), we are in a situation where the centrifugal acceleration can be neglected to the
first order and where 2Ω << N . This allows to adopt the Traditional approximation where
the latitudinal component (along beθ) of the rotation vector Ω = Ωbez = ΩV ber + ΩHbeθ
(with ΩV = Ω cos θ and ΩH = −Ω sin θ) can be neglected for all latitudes.
Let us present a brief local analysis of this approximation in the simplest case of a uniform
rotation (see also Lee & Saio 1997). The wave vector k and Lagrangian displacement ξ are
expanded as
k = kV ber + kH and ξ = ξV ber + ξH , (3)
where kH = kθbeθ + kϕbeϕ, kH = |kH |, ξH = ξθbeθ + ξϕbeϕ, ξH = |ξH |




k · r − σt
”i
.





≈ 0 (this is the anelastic approximation that filters out acoustic waves which
have higher frequencies), from which we deduce that ξV /ξH ≈ −kH/kV .
Next, using the results given in Unno et al. (1989), the dispersion relation for the low-










where the two terms correspond respectively to the dispersion relations of IGWs and of
inertial waves. In the case where 2Ω << N and σ << N the previous dispersion relation
gives k2H/k
2 <<1. The vertical wave vector is then larger than the horizontal one while the





≈ (2ΩV kV )
2. The latitudinal component of the rotation vector can thus be
neglected in whole the sphere.
A global demonstration in spherical geometry is given in Friedlander (1987) who gives
the frequency domain of application of this approximation in the case of uniform rotation
(2Ω < σ<<N) which is also discussed in Mathis et al. (2008). Its validy domain in the case
of a general differential rotation law will be discussed hereafter.
- the quasi-adiabatic approximation: Following Press (1981) and Zahn et al. (1997), we
adopt the quasi-adiabatic approximation to treat the thermal damping of IGWs. Let us recall
here that this damping is responsible for the net transport of angular momentum which is
due to bias in the wave’s Doppler shift by differential rotation between retrograde (m > 0)
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and prograde waves (m < 0)1 that transport respectively a negative and a positive flux of
angular momentum (see Eq. 16 and Goldreich & Nicholson 1989).
Under those approximations, and assuming the anelastic one (∇ · (ρu) = 0), the wave’s
velocity field is then obtained (the details of the derivation are given in Mathis 2008):











where ur;j,m(r, t) =
bσ
N
λ1/2j,m (r; bν )
r
wj,m (r, θ; bν)sin [Ψj,m (r, ϕ, t)]Dj,m (r, θ; bν) , (6)











j,m (r, θ; bν ) sin [Ψj,m (r, ϕ, t)] Dj,m (r, θ; bν) . (8)
The ”local” frequency (bσ) 2 which accounts for the Doppler shift by the differential rotation
and the ”spin parameter” (see Lee & Saio 1997) are defined:
bσ (r, θ) = σ + mΩ (r, θ) and bν (r, θ) =
2Ω (r, θ)
bσ (r, θ)
= R−1o , (9)
where Ro is the Rossby number. Unlike the case of uniform rotation, variables do not separate
neatly anymore in the case of general differential rotations Ω (r) and Ω (r, θ). The velocity
components are thus expressed in terms of the 2D dynamical pressure (P/ρ) eigenfunctions
wj,m which are solutions of the following eigenvalue equation:
O
bν;m [wj,m (r, x; bν )] = −λj,m (r; bν ) wj,m (r, x; bν ) (10)












































and x = cos θ. O
bν;m is the generalization of the classical Laplace tidal operator
(Laplace 1799), the eigenfunctions wj,m being thus a generalization of the Hough func-
tions (Hough 1898, Ogilvie & Lin 2004). λj,m (r; bν) are its eigenvalues; here, we focus on
positive ones that correspond to propagative waves (cf. Ogilvie & Lin 2004). The GLO is a
differential operator in x only and the wj,m form a complete orthogonal basis
Z 1
−1
w∗i,m (r, x; bν ) wj,m (r, x; bν ) dx = Ci,mδi,j , (13)
1The wave phase is expanded as exp [i (mϕ + σt)].
2Note that bσ can vanish that corresponds to corotation resonance. In layer(s) where this happens
(which are called critical layers), a careful treatment of the complete fluid dynamics equations has to
be undertaken that is out of the scope of the present paper (see Booker & Bretherton 1967).
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where Ci,m is the normalization factor and δi,j is the usual Kronecker symbol. The dispersion
relation is then given by
k2V ;j,m (r) =
λj,m (r; bν ) N2
r2
(14)





That leads to the following expressions for the JWKB phase function






(rc is the radius of the basis (or the top) of the adjacent convective region that excites the
































































As it has been emphasized by Mathis et al. (2008) and references therein, the Tradi-
tional approximation has to be used carefully since it modifies the mathematical properties
of the adiabatic wave operator. Here, in the case of a general differential rotation law, it is
applicable in spherical shell(s) such that D > 0 everywhere (∀ r and ∀ θ ∈ [0, π]). There,
the adiabatic wave operator is elliptic corresponding to regular (elliptic) gravito-inertial waves
(see Dintrans & Rieutord 2000 for a detailed classification of such waves). In the other spher-
ical shell(s), where both D < 0 and D > 0, the adiabatic wave operator is hyperbolic and the
Traditional approximation cannot be applied because of the adiabatic wave’s velocity field
(and wave operator) singularity where D = 0. Regularization is allowed there by thermal and
viscous diffusions that lead to shear layers, the attractors, where strong dissipation occurs
that can induce transport and mixing. In Fig. 2, we illustrate for a given chosen theoretical
angular velocity profile (cf. Fig. 1) how those two types of spherical shells (respectively where
the Traditional approximation is allowed or forbidden) could appear.
Transport of angular momentum
Since the complete wave’s velocity field is derived, we focus on the induced transport of




V (r, θ) = ρr sin θ
Z
σ
〈uruϕ + 2Ω cos θurξθ〉ϕ dσ




























Figure 1: Synthetic internal rotation profile as it may be in the Sun (cf. Garc´ıa et al. 2007): Ωsyn (r, θ) =
Ωs+ΩsAc [1− Erf ((r − Rc)/lc)]+1/2 [1 + Erf ((r − RT )/lT )]
`
A + B cos2 θ + C cos4 θ − Ωs
´
,
where Ωs = 430 nHz, Ac = 1/2 (such that Ωsyn (0, θ) = 2Ωs), Rc = 0.15RT , lc = 0.075RT ,
RT = 0.71R (the position of the Tachocline), lT = 0.05RT , A = 456 nHz, B = −42 nHz and
C = −72 nHz (we assume here a Tachocline that is thicker than in reality).
Figure 2: D (r, θ; 2Ωsyn/σ) as a function of r and θ (cf. Eq. 12) for σ = 500 nHz (Left) and σ = 1000
nHz (Right) for axisymmetric waves (m = 0). The critical surface D (r, θ; 2Ωsyn/σ) = 0 is given by
the thick black line and the iso-D lines such that D (r, θ; 2Ωsyn/σ) > 0 and D (r, θ; 2Ωsyn/σ) < 0 are
respectively given by the red and the blue lines. The Traditional Approximation (T. A.) applies in spherical
shell(s) such that D > 0 everywhere (∀ r and ∀ θ ∈ [0, π]); there, waves are regular at all latitudes. In
other spherical shell(s), where both D > 0 and D < 0, the T. A. does not apply due to the singularity at
D = 0. Therefore, for Ωsyn, the T. A. does not apply for σ = 500 nHz while it applies for σ = 1000
nHz in the external spherical shell with the inner border given by the thick red circle.
where 〈···〉ϕ = (1/2π)
R 2π
0 · · ·dϕ, where the Lagrangian wave displacement is defined such




beϕ and where we sum over the excited spec-
trum. Using Eqs. (7-8), we get FAMH = 0. Then, following the methodology given in
Zahn et al. (1997), Pantillon et al. (2007) and Mathis et al. (2008), we get the vertical
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action of angular momentum which is conserved in the adiabatic limit
L
AM




















rc is the radius of the basis (or the top) of the adjacent convective region that excites the
waves while bνc = 2ΩCZ (rc, θ) /bσCZ where bσCZ = σ + mΩCZ (rc, θ), ΩCZ being its angular
velocity. On the other hand, FEV ;j,m (rc, x; bνc) is the monochromatic energy flux injected by
turbulent convective movements at r = rc in the studied radiation zone and
bmj,m (r, x; bν ) =










is the 2D function which describes its conversion into angular momentum flux.
Following Mathis & Zahn (2005), averaging over latitudes Ω and LAMV in spheri-
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where eΩ2 (r, θ) = Ω2 (r) [P2 (cos θ) + 1/5] and Ω = 〈Ω〉θ +
eΩ2.
The meridional circulation is expanded in Legendre polynomials as

UM (r, θ) =
P
l>0 {Ul (r) Pl (cos θ)ber + Vl (r) ∂θPl (cos θ)beθ} while (νV , νH) are re-
spectively the vertical and the horizontal turbulent viscosities and d/dt is the Lagrangian
derivative that accounts for the contractions and the dilatations of the star during its
evolution.
Those equations give the evolution of the differential rotation, both in the radial and
in the latitudinal directions, in the spherical shell(s) where the Traditional approximation
can be applied. This is the first time that an evolution equation for differential rotation
(both in r and θ) capturing gravito-inertial waves feedback is derived, taking into account
the modification of IGWs through the Coriolis acceleration and their feedback on the angular
velocity profile through the net induced transport of angular momentum due to the differential
damping of retrograde and prograde waves.
Conclusion
In this work, a complete formalism to treat the dynamics of regular (elliptic) low-frequency
gravito-inertial waves in stably strongly stratified differentially rotating stellar radiation zones,
from Tachocline(s) where they are excited to their bulk, has been derived. Their feedback on
the angular velocity profile through the induced angular momentum transport is then treated.
Future works must be devoted to its implementation in existing dynamical stellar evolution
codes and to its application to different type of stars and evolution stages. This effort will
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lead to the building of more and more realistic stellar models which will benefit from new
constraints provided by the development of asteroseismology both on the ground and in space.
Acknowledgments. S. M. is grateful to the anonymous referee for his suggestions that allow
to improve the original manuscript.
References
Booker, J., & Bretherton, F. 1967, JFM, 27, 513
Dintrans, B., & Rieutord, M. 2000, A&A, 354, 86
Friedlander, S. 1987, GeoJI, 89, 637
Garc´ıa, R. A., Turck-Chie`ze, S., Jime´nez-Reyes, S. J., et al. 2007, Science, 316, 1591
Goldreich, P., & Nicholson, P. D. 1989, ApJ, 342, 1075
Hough, S. S. 1898, Phil. Trans. Roy. Soc. A, 191, 139
Laplace, P.-S. 1799, Me´canique Ce´leste, Bureau des Longitudes, Paris
Lee, U., & Saio, H. 1997, ApJ, 491, 839
Mathis, S. 2008, submitted for publication in A&A
Mathis, S., & Zahn, J.-P. 2005, A&A, 440, 653
Mathis, S., Talon, S., Pantillon, F. P., & Zahn, J.-P. 2008, SoPh, 251, 101
Ogilvie, G. I., & Lin, D. N. C. 2004, ApJ, 610, 477
Pantillon, F. P., Talon, S., & Charbonnel, C. 2007, A&A, 474, 155
Press, W. H. 1981, ApJ, 245, 286
Talon, S., & Charbonnel, C. 2005, A&A, 440, 981
Zahn, J.-P., Talon, S., & Matias, J. 1997, A&A, 322, 320
...
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
The asymptotic structure of the p-modes frequency spectrum in rapidly
rotating stars
F. Lignie`res1, and B. Georgeot2
1 Laboratoire d’Astrophysique de Toulouse-Tarbes,
Universite´ de Toulouse, CNRS, 31400 Toulouse, France
2 Laboratoire de Physique The´orique, Universite´ de Toulouse, UPS, CNRS, 31062 Toulouse, France
Abstract
An asymptotic theory for p-modes in rapidly rotating stars is constructed by studying the
acoustic ray dynamics. The dynamics is then interpreted in terms of mode properties, us-
ing the concepts and methods developed in the field of quantum chaos. Accordingly, the
high-frequency spectrum is a superposition of regular frequency patterns associated with the
near-integrable regions of the ray dynamics phase space and an irregular frequency subset
associated with a chaotic phase space region. Estimation of the mode visibilities from the
disk-averaging factor suggests that the visible spectrum mainly contains a class of regular
modes and the irregular frequency subset.
Introduction
Though approximate, the asymptotic theory of p-modes in slowly rotating stars plays an
important roˆle in the interpretation of solar and stellar pulsation data. In particular, the
frequency regular patterns described by the theory constitute crucial a priori information for
mode identification. The theory initially built for adiabatic pulsations in nonrotating stars has
then been extended to rotating stars under the assumption that the rotation effects are small
enough to be treated as a perturbation. The range of validity of this assumption was not
known, however. Accurate numerical calculations of p-modes fully taken into account the
centrifugal deformation of polytropic uniformly rotating stars have shown that the asymptotic
structure of the nonrotating acoustic frequency spectrum is destroyed above a certain rotation
rate (Lignie`res et al. 2006). For example, the so-called small frequency separation is no
longer small at these rotation rates. This breakdown of the usual spectrum organization may
explain, at least partly, the difficulty to interpret the frequencies observed in rapidly rotating
stars. The same calculations also revealed that at high rotation rates some modes, those
that were low degree and high order (say n ≥ 5) modes at zero rotation, display a new
form of organization with new types of regular frequency spacings. This result has since
been confirmed in calculations including the Coriolis force and the gravitational potential
perturbation, and it has been extended to non-axisymmetric modes (Reese et al. 2008).
Moreover, above Ω = 0.11ΩK , these regular patterns provide a better mode identification
than perturbative methods (ΩK is the Keplerian rotation rate). These results have been
obtained for polytropic model of stars but a recent work by Reese et al. (2009) seems to
confirm them for the more realistic models of rotating stars of MacGregor et al. (2007). It
remains that this regular behaviour had been found empirically by analyzing numerically
computed p-modes and needed to be better understood, possibly in the framework of an
asymptotic theory.
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The asymptotic theory
To build an asymptotic theory for p-modes in rotating stars, the starting point is the same
as for nonrotating stars: it consists in applying the WKB approximation to the equation
governing the adiabatic perturbation. Accordingly, wave-like solutions A(x) exp(iΨ(x)−iωt)
are sought under the assumption that their wavelength is much smaller than the typical
lengthscale of the background medium. For spherically symmetric nonrotating stars, modes
are fully separable in the spherical coordinates and the WKB approximation can be directly
applied to the Ordinary Differential Equation governing the radial part of the eigenfunction.
Consequently, the solutions can be found in closed form and the requirement that they match
the boundary conditions yields the well-known asymptotic formulae. In rotating stars, modes
are not separable in the latitudinal and radial directions and the WKB approximation is applied
to the full 3D perturbation equations. At the leading order, one obtains the eikonal equation
ω2 = c2sk
2+ω2c , where k = ∇Ψ is the wave vector at the point x, cs is the sound velocity and
ωc is the cut-off frequency. The acoustic ray model then consists in looking for solutions of this
equation along a given path, called the ray, which is tangent to the wave vector. Moreover,
the ray evolution can be described by Hamilton’s equations where the Hamiltonian is the
wave frequency ω. This procedure is similar to the short-wavelength limit of electromagnetic
waves which leads to geometrical optics or to the → 0 limit of quantum physics which leads
to classical mechanics. Then, in all these cases, the main issue is to find mode solutions from
waves propagating along the rays and constructively interfering. This issue, which has been
first investigated in the context of quantum physics, depends on the nature of the dynamics.
While the integrable case is well understood since the works of Einstein (1917), Brillouin
(1926) and Keller (1958), the non-integrable case has been an active field of research in the
last thirty years under the name of quantum chaos (Gutzwiller 1990), (Ott 1993).
We have studied the non-integrable dynamics of acoustic rays in rapidly rotating polytropic
stars and took advantage of the concepts and methods developed in quantum chaos to
interpret the ray dynamics in terms of p-modes properties. This work has been summarized
in Lignie`res & Georgeot (2008) and will be detailed and extended in a forthcoming paper
Figure 1: (Color online) Poincare´ Surface of Section, typical acoustic rays and modes for a Ω = 0.59ΩK
rotating polytropic star of index 3. A 6-period island ray (light grey/magenta), a 2-period island ray (dark
grey/blue), a whispering gallery ray (light grey/green) and a chaotic ray (grey/red) are shown together
with their imprint on the Poincare´ Surface of Section (diamonds in the center figure). The axisymmetric
mode distributions are shown on a meridional plane through the level curves, full (resp. dashed) lines
corresponding to positive (resp. negative) values.
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(Lignie`res & Georgeot 2009). We found that the asymptotic p-modes spectrum can be
described as a superposition of regular and irregular frequency subsets respectively associated
with near-integrable and chaotic regions of the ray dynamics phase space. A spectrum is
said to be regular if it can be described by a function of N integers, N being the number
of degree of freedom of the system (here N = 2 for a given azimuthal number m). This
is illustrated in Fig. 1 for the case of a Ω = 0.59ΩK rotating polytropic model of index 3.
According to the Poincare´ Surface of Section which visualizes the phase space structure, there
are three near-integrable regions and a large central chaotic region. To test the prediction
of the asymptotic theory, we computed high-frequency modes of the same stellar model and
build phase-space representations of these modes to associate them with phase space regions.
In Fig. 1 modes associated with the four main regions of the phase space, namely the 2-
period island chain, the central chaotic region, the 6-period island chain and the whispering
gallery region, are shown. As a result, we verified that the mode sub-sets associated with a
three near-integrable regions display regularities while the mode sub-set associated with the
chaotic region is irregular. Other aspects of the asymptotic theory, in particular quantitative
predictions on the regularities and on the statistical properties of the irregular frequency
subset, are discussed in Lignie`res & Georgeot (2008) and Lignie`res & Georgeot (2009).
Here we shall focus on estimating the visibility of these different classes of modes to
determine which modes are likely to be observed. This is crucial information if one wants to
use the asymptotic theory to analyze the observed spectrum.
Mode visibility
For spherical stars, the disk-integrated cancellation effects increase rapidly with the degree of
the spherical harmonic, thus enabling us to discard large degree modes (say  ≥ 5) for mode
identification. We have determined this effect for high frequency axisymmetric p-modes of a






δT (θ, φ)dS · ei (1)
where i is the inclination angle between the line-of-sight and the rotation axis, ei is a unit
vector in the observer’s direction and δT is the spatial part of the Lagrangian temperature
perturbation at the stellar surface. The mode amplitude is normalized by δT0, the root mean








and the visible surface Sv has been normalized by πR2e, the visible surface of a star seen pole-
on. With such a normalization the disk-averaging factor of a uniformly distributed surface
amplitude seen pole-on is unity. The method used to calculate these integrals will be detailed
in Lignie`res & Georgeot (2009).
Figure 2 shows the spectrum of axisymmetric modes whose disk-averaging factor exceeds
2.5 percent, in the high frequency range [9ω1, 12ω1] where ω1 is the lowest acoustic frequency.
A first result is that the disk-averaging effect does not allow as many modes to be discarded
as for spherical stars. In a given frequency interval and for the same visibility threshold, we
find that the number of visible modes is more than three time higher in the Ω = 0.59ΩK star
than in a spherical star. A second result is that the 2-period island modes and the chaotic
modes have similar visibilities and both types of modes are significantly more visible than the
6-period island modes and whispering gallery modes. This is not surprising in the case of the
2-period island modes as their horizontal wavelength is small compared to that of the other
F. Lignie`res, and B. Georgeot 219
Figure 2: (Color online) Frequency spectrum of axisymmetric modes where the amplitude is given by the
normalized disk-averaging factor D(i) (see Eq. (1)) for a star seen pole-on (a) and equator-on (b). Only
frequencies such that D(i) ≥ 2.5% are displayed and antisymmetric modes fully cancel out equator-on.
The 2-period island modes (dashed lines/blue) and the chaotic modes (continuous lines/red) are the most
visible while only a few 6-period island modes (dotted-dashed lines/magenta) and none whispering gallery
mode exceed the 2.5% level.
modes. However, on this basis, the chaotic modes should be less visible than the 2-period
island modes. We think the explanation is that the irregular nature of the node pattern of
the chaotic modes makes the cancellation less effective than it is for regularly spaced nodes.
Some 6-period island modes are visible while no whispering gallery modes exceed the chosen
threshold. Nevertheless, even the whispering gallery modes cannot be strictly discarded as
they may undergo an avoided crossing with a more visible mode.
Conclusion
These results suggest that in the observed spectra of rapidly rotating stars, all high frequency
p-modes do not follow a regular pattern and that such patterns might be hidden within an
irregular spectrum. In this context, it would be interesting to design methods to extract
regular patterns from spectra like the ones shown in Fig. 2.
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Abstract
I will discuss some fundamental mathematical features of eigenoscillations of a magnetic star
after deriving the basic equations. I will also discuss the wave propagation in a stratified
plane atmosphere with magnetic fields as fundamental basics, and then describe how to solve
global modes. Finally, it is stressed that the theoretical investigation of line profile variation
beyond a single-surface approximation is necessary in order to compare the observations of
roAp stars, of which the vertical wavelength of oscillation is as short as the thickness of the
line-forming layer, with high time-resolution, high spectral resolution, and high signal-to-noise
ratio.
Introduction
In many Ap stars strong magnetic fields have been detected, and the observed magnetic field
strength has been found to vary almost sinusoidally with time. The oblique rotator model is
widely accepted to explain this variation. In this model, the star is thought to have a more-
or-less axisymmetric magnetic field whose symmetry axis is inclined to the rotation axis of the
star. The observed magnetic field strength then varies with the rotational phase of the star.
The rapidly oscillating Ap (roAp) stars are cool Ap stars which pulsate with short periods in
the range of 4-15 min. Some roAp stars are well-known oblique magnetic rotators, and it is
a reasonable presumption that they all are. The oscillation amplitude of the light variations
of these stars has been found to be modulated with the rotation period, the latter often
being inferred from the variation of magnetic field strength. To explain this phenomenon,
Kurtz (1982) proposed the oblique pulsator model, which presumes the star to be pulsating in
a dipole mode whose axis of symmetry is aligned with that of the field, which itself is inclined
to the rotation axis. The model was proposed simply to account for the observations, and
has been reasonably successful in doing so. The magnetic fields of roAp stars must have a
big influence on oscillations of these stars.
Linear adiabatic oscillations of a magnetic star
Basic equations
The basic equations governing linear, adiabatic oscillations of a non-rotating, magnetic star
are the equations of conservation of momentum, mass and entropy, and the induction equation
















= −v · ∇ρ − ρ∇ · v, (2)
∂p′
∂t
= −v · ∇p − Γ1p∇ · v, (3)
∂B′
∂t
= ∇× (v × B), (4)
where v denotes the velocity, ρ the density, p the pressure, B the magnetic field, μ the
permeability, Γ1 ≡ (∂ ln p/∂ ln ρ)S , S the entropy. Here the quantities with a prime denote
the Eulerian perturbations, and those without a prime denote the equilibrium quantities. The
only exception is the velocity v; since no velocity field is assumed in the equilibrium state,
the velocity field is denoted without a prime though it is assumed a small quantity. The
perturbation to the gravitational potential field is neglected for simplicity, and the accuracy
of this approximation is reasonably good for short wavelength oscillations. The last term
on the right-hand side of equation (1) denotes the Lorentz force. As for the equilibrium
magnetic field, a force-free field is assumed. Substitution of (2)-(4) into (1) after taking its




= ∇(v · ∇p) +∇(Γ1p∇ · v)−
1
ρ




[∇× {∇ × (v × B)}] ×B
≡ L (v) +M (v), (5)
where the operator L(v) denotes the first three terms (the non-magnetic part) of the first line
of the middle of equation and the operator M(v) denotes the fourth term (the Lorentz force






′tdω′ to it, we get an equation with respect to vω(r):
−ω2ρvω = L (vω) + M (vω). (6)
Self-adjointness
Taking the scalar product of L(vω) of equation (6) with v˜ω′ and integrating it throughout
the stellar volume, we obtain
Z
v˜ω′L (vω)dV = −
Z
(vω · ∇p)(∇ · v˜ω′)dV −
Z
(v˜ω′ · ∇p)(∇ · vω)dV
−
Z








(vω · ∇ ln p)(v˜ω′ · ∇ ln p)dV
+
Z





dS mean the integral over the volume and the integral over the surface,
respectively. Hence, if
Z





vω′L (v˜ω′ )dV. (9)
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That is, the operator L is self-adjoint under the zero-boundary condition, as first proven by




[∇× (vω × B)] · [∇× (v˜ω′ ×B)]dV
+
Z
{[∇× (vω × B)] × (v˜ω′ × B)} · dS. (10)
Therefore, if
Z






That is, in the case that both the conditions (8) and (11) are satisfied, from equation (6),
ω2
Z




vω · v˜ω′ρdV. (13)
This means that, in this case, the squared eigenfrequency is purely real and the eigenfunctions
are orthogonal to each other. Note that the condition (11) is not realistic.
Local treatment
Even though the oscillations in roAp stars have essentially an acoustic nature, they are strongly
influenced by the global magnetic field of the star, particularly in the outer layers of the star,
where the magnetic and gas pressure become comparable. The presence of the magnetic field
leads to an additional buoyancy force in the outer layer of the star and changes the wave
characteristics there. It is instructive to consider the wave propagation in a plane isothermal
atmosphere under a constant gravitational field and with a uniform magnetic field. Let us
define the Cartesian coordinate so that the local vertical z increases outwardly and the x-
axis of the horizontal coordinates is parallel to the horizontal component of the equilibrium
magnetic field. It should be recalled that the global magnetic field of Ap stars is well-described
in terms of a dipole field. Hence (x, z)-plane and the y-axis should be regarded as a meridional
plane and the azimuthal direction with respect to the magnetic axis of the star at a given point
on the stellar surface, of which the magnetic latitude θ is cos−1(ex · ez). Since the global
oscillations in roAp stars are axisymmetric with respect to the magnetic axis, ∂vω/∂y = 0 in









2vω − eb(eb · ∇)(∇ · vω)− (eb · ∇)∇(eb · vω)
˜
, (14)
where g is the gravitational field, c is the sound speed defined by c2 ≡ Γ1p/ρ, vA denotes
the Alfven speed defined by v2A ≡ B
2/(μρ), and −ez and eB are the unit vectors toward the
gravitational direction and the magnetic field, respectively.




















exp(ik · x) (16)
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Figure 1: An example of eigenoscillation of plane atmosphere composed of a polytrope layer and an
isothermal atmosphere with a magnetic field (Tsunedomi, unpublished, 2008)
with an assumption of kz  Hρ, where Hρ ≡ −dz/d ln ρ is the density scaleheight. Then,
the following dispersion relation is obtained:




2 = 0. (17)
Note that g2(Γ1 − 1)/c2 ≡ N2 is the square of the buoyancy frequency. We regard this
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2¯ = 0 (18)
This gives four kinds of waves: (i) outward going long wave, (ii) outward going short wave,
(iii) inward going long wave, and (iv) inward going short wave. These wave components
are, in general, independent and decoupled from each other. If they were independent in the
entire system, we would only have to deal with one of them. However, at a certain layer in
the star, a short wave and a long wave are degenerate and cannot be distinguishable, so that
the wave comes to have a mixed character. Then all the components should be taken into
account, and only the wave being coherent in the entire system are retained as eigenmodes
(see Fig. 1, also see Sousa & Cunha 2008). The inward going short wave is expected to
be eventually dissipated, since the wavelength becomes soon shorter and shorter with depth
(Roberts & Soward 1983). The eigenfrequencies are then expected to be complex. If the
outward going wave from the stellar surface induces a magnetic field perturbation far from
the star, wave energy is also leaked through electromagnetic radiation.
How to solve global modes
The angular dependence of the eigenfunction can be described in terms of a series of spherical
harmonics, even if the expansion might be an infinite series. It is well-known that in the
case of non-rotating, non-magnetic, spherically symmetric stars, their pulsation eigenmode is
described by a single spherical harmonic, Y ml (θ, φ) (see, e.g., Unno et al. 1989), decoupled
from other harmonics with different degrees l′ and m′. However, this is not the case for a
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magnetic star. In other words, a pulsation mode in a magnetic star cannot be referred to
by a set of (l, m). If the Lorentz force is weak enough throughout the whole star, we may
regard the effects of the magnetic field as small perturbations and expand the eigenfunction
in terms of a series of eigenfunctions of the non-magnetic case. In general, however, the
Lorentz force comes to dominate over the gaseous pressure force above the photosphere and
hence the validity of such a perturbation method breaks down in the high atmosphere.
We outline here how to formulate the eigenfunction of a magnetic star. We adopt a general
expansion in terms of a series of spherical harmonics. It should be noted that the azimuthal
dependence of the eigenfunctions can be assumed to have a specific form exp(imφ) with an
integer m, where φ denotes the azimuthal angle. For a given value of m, the eigenfunction
is expressed by a summation of the components which are proportional to Y ml (θ, φ) with
l ≥ |m|. The velocity field vω(r) for a nonradial oscillation eigenmode with a given m can




























Y ml (θ, φ), (19)
where ei denotes the unit vector in the i-direction and Ξl(r), Hl(r), and Tl(r) are functions
of r being dependent on l. In particular, in the case of axisymmetric modes (m = 0), the










Y 0l (θ, φ), (20)
With substitution of equation (20) into equation (6), the basic equations are reduced to ordi-
nary differential equations with respect to {Ξl(r)} and {Hl(r)} for l ≥ |m|. Though the set of
Ξl(r) and Hl(r) are decoupled in the non-magnetic case from those with any other l′ = l, the
situation is different in the case of a magnetic star. As derived by Saio & Gautschy (2004),
the governing equations for nonradial oscillations of a magnetic star are two independent in-
finite systems of fourth-order coupled differential equations concerning {Ξl(r)} and {Hl(r)};
one with l = 2j−1 for j = 1, 2, ... (odd modes) and the other with l = 2j−2 for j = 1, 2, ...
(even modes). If we take account of the perturbation to the gravitational potential, which is
ignored here, the equations become sixth-order. Also if we take account of the nonadiabatic
effect due to radiation, the order becomes higher by two (Saio 2005). Practically, in numerical
computations the series have to be truncated at some j and the 4×nj first-order differential
equations for complex variables are solved, where nj denotes the truncation size of j.
Indirect effects of the presence of a magnetic field
It should be pointed out here that the presence of magnetic fields influence the pulsation of
the star not only through the Lorentz force appearing in the last term of equation (5). It also
affects the equilibrium structure of the star by suppressing the convection or influencing the
chemical diffusion. As a consequence, the thermal structure of the equilibrium state must
be somewhat different from the non-magnetic case, and the oscillation properties of the star
should then be affected. Suppression of convection has a great influence on the stability of
oscillations (Balmforth et al. 2001, Cunha 2001, Saio 2005).
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Line profile variation
Prior to the last decade, most observations of roAp stars have concerned the light vari-
ations. Recently, some new, striking results of spectroscopic observations with high time
resolution, high spectral dispersion, and high signal-to-noise ratio became available. High-
quality spectroscopic observations are more sensitive for the detection and study of pulsation
in roAp stars, and they are quite remarkable indeed. Some lines of rare earth elements
show enigmatic blue-to-red line profile variation (Kochukhov & Ryabchikova 2001), which
is interpreted as a manifestation of a train of shock waves propagating upward through
the atmosphere (Shibahashi et al. 2008) or as a consequence of the line width modulation
due to the periodic expansion and compression of turbulent layers in the higher atmosphere
(Kochukhov et al. 2007). Since the oscillations found in roAp stars are high overtones (they
oscillate so rapidly!), the vertical wavelengths of the oscillations are so short that the pulsation
behavior can be probed as a function of atmospheric depth by examining lines of different
strengths that form at different depths.
Recent observations also enabled bisector measurements of various lines forming at dif-
ferent levels in the atmosphere (Kurtz et al. 2005, Ryabchikova et al. 2007), from which we
can study the depth dependence of the oscillations. The bisector analyses of variation of
spectral lines of roAp stars potentially provide us with information of the 3D structure of the
atmosphere of those stars. In order to extract such information, numerical simulation of line
profile variation beyond a single-surface approximation, by taking account of finite thickness
of the line forming layer, is necessary. Such a project has justbeen started by my colleagues
and me.
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DISCUSSION
Kepler: What strength magnetic field will inhibit pulsation in a roAp star? The question is in light of the
discovery of variations in a 1MG white dwarf: can it be pulsation?
Shibahashi: I have thought of magnetic field as a possible excitation agent but have not considered such
an occasion. In an extremely strong magnetic field the fluid motion would be inhibited perpendicular to
the field. Nevertheless fluid motion along the field lines would be possible. I am currently not sure if
eigen-oscillations having discrete eigenfrequencies are possible.
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Pulsation in the atmosphere of roAp stars
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Abstract
High time resolution spectroscopy of roAp stars at large telescopes has led to a major break-
through in our understanding of magnetoacoustic pulsations in these interesting objects. New
observations have allowed to uncover a number of intricate relations between stellar oscil-
lations, magnetic field, and chemical inhomogeneities. It is now understood that unusual
pulsational characteristics of roAp stars arise from an interplay between short vertical length
of pulsation waves and extreme chemical stratification. Here I review results of recent studies
which utilize these unique properties to map 3D pulsation geometry using a combination of
Doppler imaging, vertical pulsation tomography, interpretation of line profile variation, and
ultraprecise space photometry. I also describe recent attempts to interpret theoretically the
complex observational picture of roAp pulsations.
Introduction
Rapidly oscillating Ap (roAp) stars represent an interesting subgroup of chemically peculiar
(SrCrEu type) magnetic A stars pulsating in high-overtone, low degree p-modes. These stars
are found at or near the main sequence, close to the cool border of the region occupied
by the magnetic Ap/Bp stars (Kochukhov & Bagnulo 2006). According to the series of re-
cent spectroscopic studies (e.g., Kochukhov et al. 2002; Ryabchikova et al. 2004), effective
temperatures of roAp stars range from about 8100 down to 6400 K. Their atmospheres are
characterized by diverse chemical abundance patterns, but typically have normal or below
solar concentration of light and iron-peak elements and a very large overabundance of rare-
earth elements (REEs). Similar to other cool magnetic A stars, roAp stars possess global
fields with a typical strength of a few kG (Mathys et al. 1997), although in some stars the
field intensity can exceed 20 kG (Kurtz et al. 2006b). These global magnetic topologies are
most likely the remnants of the fields which were swept at the star-formation phase or gen-
erated by dynamo in convective pre-main sequence stars, decayed to a stable configuration
(Braithwaite & Nordlund 2006) and now remain nearly constant on long timescales. The
slow rotation and stabilizing effect of the strong magnetic field facilitates operation of atomic
diffusion (Michaud et al. 1981; LeBlanc & Monin 2004), which is responsible for the grossly
non-solar surface chemistry and large element concentration gradients in Ap-star atmospheres
(Ryabchikova et al. 2002, 2008; Kochukhov et al. 2006). Variation of the field strength and
inclination across the stellar surface alters the local diffusion velocities (Alecian & Stift 2006),
leading to the formation of spotted chemical distributions and consequential synchronous ro-
tational modulation of the broad-band photometric indices, spectral line profiles, longitudinal
magnetic field and mean field modulus (e.g., Ryabchikova et al. 1997).
Pulsations in cool Ap stars were discovered 30 years ago (Kurtz 1978) and were immedi-
ately recognized to be another manifestation of the prominent influence of unusually strong
magnetic fields on the stellar interiors and atmospheres. Currently (mid 2008), 40 cool Ap
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stars are known to pulsate, with several new roAp stars discovered by high-resolution spec-
troscopic observations (Hatzes & Mkrtichian 2004; Elkin et al. 2005; Kurtz et al. 2006b;
Kochukhov et al. 2008a, 2008b; Gonza´les et al. 2008). Oscillations have amplitudes below
10 mmag in the Johnson’s B filter and 0.05–5 km s−1 in spectroscopy, while the periods
lie in the range from 4 to 221 min. The amplitude and phase of pulsational variability are
modulated with the stellar rotation. A simple geometrical interpretation of this phenomenon
was suggested by the oblique pulsator model of Kurtz (1982), which supposes an alignment of
the low angular degree modes with the quasi-dipolar magnetic field of the star and resulting
variation of the aspect at which pulsations are seen by the distant observer. Recent theoret-
ical studies (Bigot & Dziembowski 2002; Saio 2005) indicated that the horizontal pulsation
picture of p-mode pulsations in magnetic stars is far more complicated: individual modes
are distorted by the magnetic field and rotation in such a way that pulsational perturbation
cannot be approximated by a single spherical harmonic function.
The question of the roAp excitation mechanism has been debated for many years but now
is narrowed down to the κ mechanism acting in the H i ionization zone with the additional in-
fluence from the magnetic quenching of convection and composition gradients built up by the
atomic diffusion (Balmforth et al. 2001; Cunha 2002; Vauclair & The´ado et al. 2004). How-
ever, theories cannot reproduce the observed temperature and luminosity distribution of roAp
stars and have not been able to identify parameters distinguishing pulsating Ap stars from their
apparently constant, but otherwise very similar, counterparts. On the other hand, impres-
sive success has been achieved in calculating magnetic perturbation of oscillation frequencies
(Cunha & Gough 2000; Saio & Gautschy 2004) and inferring fundamental parameters and
interior properties for multiperiodic roAp stars (Cunha et al. 2003; Gruberbauer et al. 2008;
Huber et al. 2008).
Photometric studies of roAp pulsations
Majority of roAp stars were discovered by D. Kurtz and collaborators using photometric
observations at SAAO (see review by Kurtz & Martinez 2000). Few roAp stars were also
observed in coordinated multi-site photometric campaigns (Kurtz et al. 2005a), which allowed
to deduce frequencies with the precision sufficient for asteroseismic analysis. However, low
amplitudes of broad-band photometric variation of roAp stars, low duty cycle and aliasing
problems inevitably limit precision of the ground-based photometry. Instead of pursuing
observations from the ground, recent significant progress has been achieved by uninterrupted,
ultra-high precision observations of known roAp stars using small photometric telescopes in
space. Here the Canadian MOST space telescope is the undisputed leader. The MOST team
has completed 3–4 week runs on HR 24712, γ Equ, 10 Aql, HD 134214, and HD 99563.
Asteroseismic interpretation of the frequencies deduced from the MOST data for γ Equ
(Gruberbauer et al. 2008) and 10 Aql (Huber et al. 2008) yields stellar parameters in good
agreement with those determined in detailed model atmosphere studies. At the same time,
magnetic field required by the seismic models to fit observed frequencies is 2–3 times stronger
than the field modulus inferred from the Zeeman split spectral lines. This discrepancy could
be an indication that magnetic field in the p-mode driving zone is significantly stronger than
the surface field or it may reflect limitations of theoretical models.
MOST photometry of γ Equ has also revealed the presence of a very close frequency
pair giving modulation of pulsation amplitude with ≈18 d period (Huber et al. 2008). It is
possible that this frequency beating is responsible for significant discrepancy of radial velocity
amplitudes found for γ Equ in different spectroscopic observing runs (Sachkov et al. 2008b).
This amplitude variation could not be ascribed to the rotational modulation because the
rotation period of this star exceeds 70 years (Bychkov et al. 2006).
1The longest roAp pulsation period corresponds to the second mode recently detected by high-
precision HARPS observations of the evolved Ap star HD116114.
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Spectroscopy of roAp pulsations
High-quality time-resolved spectra of roAp stars have proven to be the source of new,
incredibly rich information, which not only opened new possibilities for the research on
magnetoacoustic pulsations but yielded results of wide astrophysical significance. Numer-
ous spectroscopic studies of individual roAp stars (e.g., Kochukhov & Ryabchikova 2001a;
Mkrtichian et al. 2003; Ryabchikova et al. 2007a), as well as comprehensive analysis of pul-
sational variability in 10 roAp stars published by Ryabchikova et al. (2007b), demonstrated
pulsations in spectral lines very different from those observed in any other type of nonradially
pulsating stars. The most prominent characteristic of the RV oscillation in roAp stars is
the extreme diversity of pulsation signatures seen in the lines of different elements. Only a
few stars show evidence of <50 m s−1 variation in the lines of iron-peak elements, whereas
REE lines, especially those of Nd ii, Nd iii, Pr iii and Dy iii, exhibit amplitudes from a
few hundred m s−1 to several km s−1. The narrow core of Hα behaves similarly to REE
lines (Kochukhov 2003; Ryabchikova et al. 2007b), suggesting line formation at comparable
atmospheric heights.
Pulsation phase also changes significantly from one line to another
(Kochukhov & Ryabchikova 2001a; Mkrtichian et al. 2003), with the most notorious
example of 33 Lib where different lines of the same ion pulsate with a 180o shift in phase,
revealing a radial node, and show very different ratios of the amplitude at the main frequency
and its first harmonic (Ryabchikova et al. 2007b). Several studies concluded that, in general,
roAp stars show a combination of running (changing phase) and standing (constant phase)
pulsation wave behaviour at different atmospheric heights.
Another unusual aspect of the spectroscopic pulsations in roAp stars is a large change of
oscillation amplitude and phase from the line core to the wings. Bisector variation expected for
the regular spherical harmonic oscillation is unremarkable and should exhibit neither changing
phase nor significantly varying amplitude. Contrary to this expectation of the common single-
layer pulsation model, roAp bisector amplitude often shows an increase from 200–400 m s−1
in the cores of strong REE lines to 2–3 km s−1 in the line wings, accompanied by significant
changes of bisector phase (Sachkov et al. 2004; Kurtz et al. 2005b; Ryabchikova et al. 2007b).
The ability to resolve and measure with high precision pulsational variation in individ-
ual lines allows to focus analysis on the spectral features most sensitive to pulsations.
By co-adding radial velocity curves of many REE lines one is able to reach the RV accu-
racy of ∼ 1 m s−1. This led to the discovery of the low-amplitude oscillations in HD 75445
(Kochukhov et al. 2008b) and HD137909 (Hatzes & Mkrtichian 2004). The second ob-
ject, well-known cool Ap star β CrB, was previously considered to be a typical non-
pulsating Ap (noAp) star due to null results of numerous photometric searches of pulsations
(Martinez & Kurtz 1994) and the absence of prominent REE ionization anomaly found for
nearly all other roAp stars (Ryabchikova et al. 2001, 2004). The fact that β CrB is now re-
vealed as the second brightest roAp star corroborates the idea that p-mode oscillations could
be present in all cool Ap stars but low pulsation amplitudes prevented detection of pulsations
in the so-called noAp stars (Ryabchikova et al. 2004).
Despite improved sensitivity in searches of the low-amplitude oscillations in roAp candi-
dates and numerous outstanding discoveries for known roAp stars, the major drawback of
the high-resolution spectroscopic monitoring is still a relatively small amount of observing
time available at large telescopes for these projects. As a result, only short time-series span-
ning 2–4 hours were recorded for most roAp stars, thus providing an incomplete picture for
multiperiodic pulsators where different frequencies cannot be resolved in such short runs. Ob-
servations on different nights required to infer detailed RV frequency spectrum were secured
only for a few roAp stars (Mkrtichian & Hatzes 2005, Kochukhov 2006). In recent multisite
spectroscopic campaign carried out for 10 Aql using two telescopes on 7 different observing
nights (Sachkov et al. 2008), we found that beating of the three dominant frequencies leads
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to strong changes of the apparent RV amplitude during several hours. This phenomenon
could explain puzzling modulation of RV pulsations on the timescale of 1–2 hours detected
in some roAp stars (Kochukhov & Ryabchikova 2001b; Kurtz et al. 2006a).
Interpretation of roAp oscillations
The key observational signature of roAp pulsations in spectroscopy – large line-to-line vari-
ation of pulsation amplitude and phase – is understood in terms of an interplay between
pulsations and chemical stratification. The studies by Ryabchikova et al. (2002, 2008) and
Kochukhov et al. (2006) demonstrated that light and iron-peak elements tend to be overabun-
dant in deep atmospheric layers (typically log τ5000 ≥ −0.5) of cool Ap stars, which agrees
with the predictions of self-consistent diffusion models (LeBlanc & Monin 2004). On the other
hand, REEs accumulate in a cloud located above log τ5000 ≈ −3 (Mashonkina et al. 2005).
Then, the rise of pulsation amplitude towards the upper atmospheric layers due to exponential
density decrease does not affect Ca, Fe, and Cr lines but shows up prominently in the core
of Hα and in REE lines. This picture of the pulsation waves propagating outwards through
the stellar atmosphere with highly inhomogeneous chemistry has gained general support from
observations and theoretical studies alike. Hence the properties of roAp atmospheres allow
an entirely new type of asteroseismic analysis – vertical resolution of p-mode cross-sections
simultaneously with the constraints on distribution of chemical abundances.
The two complimentary approaches to the pulsation tomography problem have been dis-
cussed by Ryabchikova et al. (2007a, 2007b). On the one hand, tedious and detailed line
formation calculations, including stratification analysis, NLTE line formation, sophisticated
model atmospheres and polarized radiative transfer, can supply mean formation heights for
individual pulsating lines. Then, the pulsation mode structure can be mapped directly by plot-
ting pulsation amplitude and phase of selected lines against optical or geometrical depth. On
the other hand, the phase-amplitude diagram method proposed by Ryabchikova et al. (2007b)
is suitable for a coarse analysis of the vertical pulsation structure without invoking model
atmosphere calculations but assuming the presence of the outwardly propagating wave char-
acterized by continuous change of amplitude and phase. In this case, a scatter plot of the
RV measurements in the phase-amplitude plane can be interpreted in terms of the standing
and running waves, propagating in different parts of the atmosphere.
To learn about the physics of roAp atmospheric oscillations one should compare empirical
pulsation maps with theoretical models of the p-mode propagation in magnetically-dominant
(β << 1) part of the stellar envelope. Sousa & Cunha (2008) considered an analytical model
of the radial modes in an isothermal atmosphere with exponential density decrease. They
argue that waves are decoupled into the standing magnetic and running acoustic compo-
nents, oriented perpendicular and along magnetic field lines, respectively. The total projected
pulsation velocity, produced by a superposition of these two components, can have widely
different vertical profile depending on the magnetic field strength, inclination and the aspect
angle. For certain magnetic field parameters and viewing geometries the two components
cancel out, creating a node-like structure. This model can possibly account for observations
of radial nodes in 33 Lib (Mkrtichian et al. 2003) and 10 Aql (Sachkov et al. 2008).
The question of interpreting the line profile variation (LPV) of roAp stars has received
great attention after it was demonstrated that REE lines in γ Equ exhibit unusual blue-to-red
asymmetric variation (Kochukhov & Ryabchikova 2001a), which is entirely unexpected for a
slowly rotating nonradial pulsator. Kochukhov et al. (2007) showed the presence of similar
LPV in the REE lines of many other roAp stars and presented examples of the transformation
from the usual symmetric blue-red-blue LPV in Nd ii lines to the asymmetric blue-to-red
waves in the Pr iii and Dy iii lines formed higher in the atmosphere. These lines often
show anomalously broad profiles (e.g., Ryabchikova et al. 2007b), suggesting the existence
of an isotropic velocity field of the order of 10 km s−1 in the uppermost atmospheric layers.
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Kochukhov et al. (2007) proposed a model of interaction between this turbulent layer and
pulsations that has successfully reproduced asymmetric LPV of doubly ionized REE lines. An
alternative model by Shibahashi et al. (2008) obtains similar LPV by postulating formation of
REE lines at extremely low optical depths, in disagreement with the detailed NLTE calculations
by Mashonkina et al. (2005), and requires the presence of shock waves in stellar atmospheres,
which is impossible to reconcile with the fact that observed RV amplitudes are well below the
sound speed.
Oblique pulsations and distortion of modes by rotation and magnetic field precludes the
application of the standard mode identification techniques to roAp stars. A meaningful study
of their horizontal pulsation geometry became possible by using the method of pulsation
Doppler imaging (Kochukhov 2004a). This technique derives maps of pulsational fluctuations
without making a priori assumption of the spherical harmonic pulsation geometry. The
application of this method to HR3831 (Kochukhov 2004b) provided the first independent
proof of the oblique pulsator model by showing alignment of the axisymmetric pulsations
with the magnetic field. At the same time, Saio (2005) showed that the observed deviation
of the oscillation geometry of HR 3831 from a oblique dipole mode agrees well with his model
of magnetically distorted pulsation.
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DISCUSSION
Dziembowski: What is the effective temperature of the roAp star with the longest observed pulsation
period?
Kochukhov: This star (HD 116114) has effective temperature Teff = 8000K, which is close to the upper
limit of roAp temperature range.
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Abstract
We present new constraints on the rapidly oscillating Ap star α Cir, derived from a combi-
nation of interferometric and photometric data obtained with the Sydney University Stellar
Interferometer (SUSI) and the WIRE satellite. The highlights of our study are:
1. The first determination of the angular diameter of an roAp star.
2. A nearly model-independent determination of the effective temperature of α Cir, which
is found to be lower than previously estimated.
3. Detection of two new oscillation frequencies allowing a determination of the large sep-
aration of α Cir.
Based on this new information, we have computed non-magnetic and magnetic models
for α Cir. We show that the value of the observed large separation found from the new data
agrees well with that derived from theoretical models. Moreover, we show how the magnetic
field may explain some of the anomalies seen in the oscillation spectrum and how these in
turn provide constraints on the magnitude and topology of the magnetic field.
Individual Objects: αCir
Introduction
α Circini [HR5463, HD128898, HIP 71908, V = 3.2] is the brightest known rapidly oscillating
peculiar A-type (roAp) star. The roAp stars are main sequence chemically peculiar (CP)
pulsators with effective temperatures ranging from 6 500 to 8 500 K. Since CP stars show
abnormal flux distributions in their spectra, their effective temperatures are very difficult to
determine. Temperatures can be estimated from photometric indices or spectral analysis, but
due to the peculiar nature of these stars, values are likely to be affected by systematic effects.
The roAp stars also present the highest oscillation frequencies observed in the main se-
quence part of the instability strip, with typical values ranging from 1 to 3mHz. The high
frequencies of the oscillations observed in roAp stars indicate that these are high radial order,
low degree acoustic modes. Since the oscillations are of high radial order we can, in principle,
use the asymptotic theory to study the oscillation spectrum. However, these oscillations are
affected by an intense magnetic field that will perturb the frequencies from the asymptotic
trend.
I.M. Branda˜o, H. Bruntt, M. Cunha, and D. W.Kurtz 235
Figure 1: Frequencies detected in αCir from the WIRE data, f4, f6, f1, f7, f5. We have included f2
and f3 from Kurtz et al. (1994). The vertical dashed lines mark half the large separation (the mean of
f1 − f6 and f7 − f1).
α Cir is one of the best studied roAp stars and, as such, both seismic and non-seismic
data for this star are available in the literature. However, to date, the large frequency
separation (defined as the difference between the frequencies of modes of the same degree and
consecutive radial orders) of α Cir cannot be reconciled with that expected from an effective
temperature around 8 000K, suggested by most determinations found in the literature, and
the luminosity derived from the Hipparcos parallax (Matthews et al. 1999).
Detection of the large separation
α Cir was observed for 84 d during four runs with the WIRE satellite in the period from
2000–2006 (Bruntt et al., private communication). During the last two runs, we collected
simultaneous ground-based Johnson B observations on 16 nights with the 0.5-m and 0.75-m
telescopes at the South African Astronomical Observatory (SAAO) and 2 hr of high-cadence,
high-resolution spectra from the Ultraviolet and Visual Echelle Spectrograph (UVES) on the
Very Large Telescope (VLT). The oscillation frequencies detected in the WIRE data are shown
in Figure 1. The f6 and f7 frequencies have not been observed before, and are present in both
the WIRE and SAAO data sets. The f6 + f1 + f7 frequencies have the highest amplitudes
and form a triplet with a nearly equidistant frequency spacing of 30.173 ± 0.004 μHz. We
interpret this spacing as either the large frequency separation or half of that.
Asteroseismology
Non-magnetic model
Bruntt et al. (2008) determined the effective temperature of α Cir by combining the measured
angular diameter of the star obtained with the Sydney University Stellar Interferometer (SUSI)
and its bolometric flux, computed from calibrated spectra. They found a nearly model-
independent value for the effective temperature of 7420 ± 170 K, which is lower than all
previous determinations found in the literature. The new values for the effective temperature
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Figure 2: The position of α Cir in the HR diagram, with three evolutionary tracks for masses of 1.70, 1.715
and 1.73 M

. The constraints on the fundamental parameters are indicated by the 1-σ error box (Teff ,
L/L

) and the diagonal lines (radius).
and luminosity, derived from the Hipparcos parallax and the interferometric radius, were used
to place α Cir in the Hertzsprung-Russell (HR) diagram as shown in Figure 2.
Three CESAM (Morel 1997) evolutionary tracks that go through the 1-σ error box are
shown in Figure 2. We chose the model that best fitted the position of the star in the
HR diagram and its parameters are given in Table 1. We calculated the theoretical oscillation
frequencies for that model with the linear adiabatic oscillation code Aarhus Adiabatic Pulsa-
tion Package (ADIPLS; Christensen-Dalsgaard 2008). From these theoretical frequencies we
calculated the large frequency separation and obtained a value of Δν = 60.4 μHz. Comparing
this value with the observed frequency spacing we conclude that this model reproduces well
the observed separation between the three principal modes. Moreover, we conclude that the
observed large frequency separation of α Cir is 60.346 ± 0.008 μHz and, thus, that the fre-
quencies f6, f1 and f7 must correspond to modes of alternating even-odd spherical degrees.
This new value is significantly larger – and much more secure – than the 50 μHz suggested
by Kurtz et al. (1994).
Magnetic models
Inspecting Figure 1, where the spacing between the dashed vertical lines correspond to half
of the large separation, we note that only the three principal modes seem to follow the
trend expected in the asymptotic regime. In particular, f4, which was also observed by
Kurtz et al. (1994), is separated from f6 by  3/4 of the large separation (f6 − f4 =
45.41 μHz). Consequently, the oscillation frequencies computed with the model in Table 1
(hereafter called the non-magnetic model) do not reproduce well the separation between
the principal mode and the frequencies f2, f3, f4 and f5. Moreover, the frequencies of
the three principal modes have nearly equal separations: (f1 − f6) = 30.1746 ± 0.0009 μHz
and (f7 − f1) = 30.1707 ± 0.0005 μHz. In fact, the difference between these two “half
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Table 1: Global parameters of the CESAM model used for αCir. The following input parameters were
used: X0 = 0.70, Y0 = 0.28, α = 1.6 and no overshooting. X0 and Y0 are the initial H and He





) log Teff [K] R/R Age (Myr)
CESAM model 1.715 1.022 3.87 2.0 900
Table 2: The values of δνnl and (f6 − f4) for the observations and for the best-fitting non-magnetic
and magnetic models. The strength and topology of the magnetic field are given for the three magnetic
models.
Bp Topology δνnl (f6 − f4)
[kG] [μHz] [μHz]
Observed values − − +0.004 45.41
Non-magnetic model − − +2.5 30.2
Magn. model 1 1.4 Quadrupolar −0.66 44.76
Magn. model 2 1.4 Quadrupolar +0.53 40.57
Magn. model 3 1.4 Dipolar −0.81 50.81
Table 3: For each of the three best magnetic models and for the best non-magnetic model we list the
values of l for the four frequencies f4, f6, f1, and f7.
lf4 lf6 lf1 lf7
Non-magnetic model 1 0 1 0
Magn. model 1 3 2 3 2
Magn. model 2 1 3 2 3
Magn. model 3 0 2 3 2
separations”, which we will denominate by δνobs, is only 0.004±0.001 μHz. After computing
theoretical δνnl values for all combinations of mode degrees with l ≤ 3 for the non-magnetic
model, we found that the minimum absolute value taken by this quantity is δνnl = 2.5 μHz.
This value is obtained for combinations of modes of degree l = 0 and 2, around the frequency
2450 μHz.
Since α Cir is an roAp star, it has a strong magnetic field. We have therefore speculated
if the effect of the magnetic field on the oscillations may explain the small value of δνobs.
To investigate this possibility, we used a code (Cunha 2006) to compute the magnetic per-
turbations to the frequencies obtained for our non-magnetic model. As input parameters we
considered modes of degrees l = 0, 1, 2 and 3, a magnetic field at the pole, Bp, within a range
of values appropriate for α Cir, (see Bruntt et al. 2008: Sec. 6.1, for a review) and a dipolar
or quadrupolar magnetic field topology. The three magnetic models that best reproduce the
features of the oscillation spectra of α Cir are shown in Table 2 and the values of l that
correspond to each frequency for these models are given in Table 3.
Conclusions and discussion
We have summarized the main results of an intensive study of the roAp star prototype
α Cir, part of which has been published in Bruntt et al. 2008. Our team has made the first
interferometrically-based determination of the effective temperature of an roAp star. The
new value of Teff = 7420±170 K is lower than all values found in the literature. Additionally,
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new seismic data for α Cir were acquired with the WIRE satellite and with the 0.5-m and
0.75-m telescopes at SAAO. Two new frequencies were found in both the WIRE and SAAO
data and they form a triplet with the known dominant frequency. The triplet is nearly
equally spaced with a separation of 30.173 ± 0.004 μHz, which we interpret to be half the
large separation. Using the new global parameters of the star, we computed a non-magnetic
model for α Cir. The large separation of this model is in good agreement with the observed
large separation, but the model fails to explain the nearly equidistant spacing as well as the
secondary frequencies.
In an attempt to understand these discrepancies we computed magnetic perturbations to
the frequencies of the non-magnetic model. We found that the magnetic model that best
reproduces the oscillation spectrum has a quadrupolar topology and a magnitude of 1.4 kG.
From this model, we identify the largest amplitude mode, f1, as being an l = 3 mode. We
note that due to the magnetic effect, the eigenfunctions in roAp stars are distorted. Thus,
it is possible that modes of degree higher than l = 2 may generate lower-degree components
near the surface that, in turn, may be observed (e.g. Cunha 2005). Also, we find that the
magnitude is rather sensitive to the position where one of the boundary conditions of the
magnetic code is applied. To overcome this problem, and test the robustness of our results,
we are currently implementing a different atmospheric model in our code. Thus, the results
presented here for the magnetic models are still preliminary.
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The Impact of Asteroseismology on the Theory of Stellar Evolution
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Abstract
We summarize the theory of stellar evolution, highlighting key physics to be resolved at
various stages in a stellar lifetime. The roˆle of asteroseismology in testing theory is illustrated
by discussion of pulsations in highly evolved stars.
Individual Objects: o Cet, δ Cep, BPM 37093, FG Sge, GW Vir, XTE J1814–338
Introduction: Pulsating Stars
The first star recorded to be properly variable (rather than eruptively variable) was discovered
by David Fabricius in 1596 (Wolff 1877). In 1639, Jan Fokkens Holwarda showed it to
have a period of some eleven months. Johannes Hevelius (1662) was so impressed by this
star, which varies by nearly 7 magnitudes in visible light, that he called it Mira, meaning
“wonderful, astonishing”, for it acted like no other known star (Hoffleit 1997). This is still
true. Also known as oCeti, it was the third star (after the Sun and Betelgeuse) to have its
surface resolved, showing a curious prominence (Karovska et al. 1997), and was discovered to
be shedding a tail some 8.105 astronomical units in length long (Martin et al. 2007). Mira is
an asymptotic giant branch star – of which more later – which means that from time to time
it undergoes a thermal pulse which radically alters the structure of its outer layers. Mira’s
period varies slightly from cycle-to-cycle, but other Mira variables show systematic changes in
period which must be associated with changes in internal structure (Templeton et al. 2005).
Such observations enable direct tests of the stellar evolution theory.
δ Cephei
Stellar pulsation science came into its own with the discovery of pulsations in δ Cephei
(Goodricke 1785) and the subsequent discovery of the Cepheid period-luminosity relationship
(Leavitt 1908). Providing a ruler with which to measure the universe, Goodricke’s discovery
ultimately changed the global human perspective. Yet understanding why Leavitt’s relation
should work, what the interior of a Cepheid variable should look like, and how pulsations
are driven would lead to a serious discrepancy between the masses inferred from pulsation
and evolution theory respectively (Cox 1980). This discrepancy would not be resolved until
the physics, i.e. the opacity, of stellar material was sufficiently understood (Simon 1982,
Moskalik et al. 1992). Now, with confidence that pulsations have much to tell us about
physics and cosmology, and new instruments to observe individual stars over long periods
of time, the science of asteroseismology has matured and been applied in a huge range of
contexts.
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Figure 1: Schematic Hertzsprung-Russell diagram showing the locus of major classes of pulsating vari-
able star. The zero-age main sequence shown as a heavy solid line and evolution tracks from the main
sequence through helium-burning shown as dotted lines are computations by the author. The zero-age
horizontal branch is shown as a heavy dot-dash line. Cooling tracks for He and and CO white dwarfs
are also shown (dotted). Diagonally-shaded regions correspond to opacity-driven p- and g-mode pulsating
variables. Horizontally-shaded regions show acoustically-driven (solar-like) variables. Vertically-shaded re-
gions correspond to highly non-adiabatic pulsations, possibly strange modes of various types. The figure
concept follows one by J. Christensen-Dalsgaard.
Asteroseismology
This paper reviews the impact of asteroseismology on the theory of stellar evolution. Strictly,
asteroseismology is the science that “studies the internal structure of pulsating stars by the
interpretation of their frequency spectra” (according to Wikipedia). Again strictly, stars
which pulsate with one mode only give information about their mean density, and not about
their internal structure. Even in this case, additional information may be available to infer
something about their structure. Conversely, to infer the complete core-to-surface density
distribution of a star from a frequency inversion requires a pulsation spectrum so rich that
it may only ever be obtained for the Sun and a few bright stars. However, studies with a
resolution intermediate between these extremes can tell us much about the structure and local
physics within a star. Whether this can be translated to information about their evolution
(as distinct from structure or physics) is not always apparent.
Consequently, this review considers how the study of stellar oscillations of all types has
made an impact on our understanding of stellar evolution (Fig. 1). The emphasis leans
towards cases where multiple periods have enabled some resolution of structure in the radial
direction. The first half of the paper provides a brief reminder of the stellar evolution theory,
including a summary of the open questions important at different stages in the life of a
star and the types of pulsating stars available to test the theory. The second half reviews
specific examples of where asteroseismology has helped to resolve key questions. Reflecting
the author’s interest, this is biased toward stars in their later stages of evolution.
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The Stellar Evolution Theory
A primary object of the stellar evolution theory is to explain the widely diverse properties
and the overall distribution of stars represented in the Hertzsprung-Russell (HR) diagram.
Another is to understand how stars change both their physical and chemical structure as
they deplete their available energy reserves. The extent of the task can be illustrated by
noting that stars exhibit oscillations with periods ranging from ∼ 10−3 s (neutron stars)
to ∼ 108 s (Mira variables), and by recalling that the fundamental pulsation period varies
inversely as the root mean density, i.e. the mean densities found in stars span some 22 orders
magnitude. A simplified picture of the theory of stellar evolution showing the evolution
of representative stars with masses 1 and 5M

through the HR diagram may be found at
“www.maths.monash.edu.au/∼johnl/StellarEvolnV1/”.
Main Sequence Stars
On the main sequence, where stars spend over 90% of their lives, hydrogen is converted to
helium in the stellar core via the pp-chains and the CN(O) cycles. Most of the major questions
about how these stars evolve revolve around the micro-physics. Thus κ, the radiative opacity,
∇, the physics of convection, ω, rotation, B, magnetic fields, and diffusion all influence the
rate of energy transport, chemical transport and consequently the overall structure of the
star. On the upper main sequence, stellar winds and mass loss feed into this system and all
feed back to affect the overall luminosity and main sequence lifetime.
Pulsating stars associated with this phase of evolution include the Sun and solar-type,
δ Sct, γ Dor, SX Phe (variable blue stragglers), ro-Ap, 53Per (slowly-pulsating B stars), and
β Cep variables.
Giant-Branch Stars
As hydrogen in the core is depleted, the core contracts and hydrogen-burning shifts to a
shell, the outer layers expand and the star becomes a red giant. Convectively-driven mixing
between the unprocessed surface and processed core material, and mass-loss due to a dust-
driven wind, dominate the long-term evolution. Both processes are strongly mediated by
the local opacity. Rotation also plays an important role; the contracting core attempts to
spin up, while the expanding envelope slows down, potentially leading to strong shear forces
and complex magnetic structures. Acoustically driven oscillations have been identified in
sub-giants (e.g. ξ Hya), providing a possible asteroseismic probe of the convective layers.
Helium Stars
Once the helium core reaches a critical mass, core helium-burning through the 3α and
12C(α, γ)16O reactions provides a relatively long-lived phase of evolution. Intermediate-
mass stars will evolve as yellow giants and pass through the classical (δ) Cepheid instability
strip.
There are several ways to consider the masses and ages of stars. For the Cepheids, it
is possible to measure radii, luminosities and masses directly using Baade’s method or some
variant. Masses can also be estimated by matching the luminosity and radius with evolution
models for helium-burning stars that pass through the instability strip, and by matching
the observed luminosity and pulsation period using stellar pulsation theory. As discussed
already, the mismatch between Cepheid masses predicted by these methods was one of the
longest-standing failures of theory until it was proven to be due to missing opacity. Metal-
poor counterparts to the classical Cepheids appear as WVir (long period) and BLHer (short
period) variables.
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Low-mass core-helium burning stars form a clump near the base of the red giant branch
(clump giants), unless they are either metal-poor or have very thin hydrogen envelopes. In
this case they appear as horizontal-branch stars, some of which fall in the RRLyrae instabil-
ity strip. The bluest horizontal-branch stars (or subdwarf B stars) lie in the EC14026 and
PG1716 instability strips. The roˆle of opacity and the 12Cα reaction cross-section dominate
uncertainties in the evolution through this phase.
For massive stars, helium-core burning may occur while the star is still hot and blue and,
being associated with high luminosity, pulsations are likely to be associated with strange-mode
instability.
Asymptotic Giant-Branch Stars
With core-helium exhaustion, the focus of nuclear-burning in low- and intermediate-mass
stars shifts to a double-shell structure. Because of an imbalance between the burning rates
of the hydrogen and helium shells, an instability known as thermal-pulsing is established.
The thermal pulse is one of the most important processes in cosmology. The faster-burning
hydrogen-burning shell produces an accumulation of helium-rich material above the boundary
with the degenerate carbon-oxygen core. When sufficiently massive, the helium-shell ignites
mildly, the intershell region is forced to expand and hydrogen-burning is extinguished. A
nuclear-driven convection zone penetrates upwards and through the helium-hydrogen bound-
ary, mixing processed material upwards and bringing protons down into hot helium-rich layers.
These protons seed the nucleosynthesis of exotic elements. The helium-shell cannot sustain
itself once the inter-shell mass drops below a critical value. Helium-burning reactions subside,
the inter-shell contracts, the hydrogen-shell is reignited and opacity-driven envelope convec-
tion dredges freshly processed material up to the stellar surface, whence it escapes to enrich
the interstellar medium.
As a consequence of the intensity of the hydrogen-burning shell, the star becomes very
luminous and very large. The outer layers are increasingly unstable, exhibited first as opacity-
driven pulsations of very long-period (e.g. oCet), and then as strong stellar winds creating
an extended optically thick envelope. While the evolution driver is the nuclear physics of the
shells, the stellar structure is governed by opacity, dust-formation and the wind.
Planetary Nebula Formation and White Dwarf Cooling
Ultimately, the expansion results in a dynamical instability which causes the expulsion of the
outer layers as a planetary nebula. Unable to sustain nuclear reactions, the remnant envelope
starts to contract on a thermal timescale. When it has cooled sufficiently (the surface actually
heats, but the total entropy falls), the star approaches the white dwarf cooling track. The
significant physics in this phase are the chemical structure of the cooling envelope and the
very high overall luminosity.
As the star reaches the white dwarf cooling track with effective temperatures > 100 000 K,
even the envelope becomes electron-degenerate. Opacity-driven g-mode pulsations can man-
ifest when the internal chemical structure is right (GW Vir variables).
As the star descends the cooling track, ionization zones in the white dwarf atmosphere
become convective. During subsequent cooling, the star passes through the DBV and
DAV=ZZ Cet instability domains. Again, g-modes are excited, offering a possibility to explore
the chemical structure of the deep interior, as well as the physics of surface convection and
the white dwarf equation of state.
Binary Stars
The above description applies to those stars which evolve as single stars or as members of wide
binary systems which do not interact. It is increasingly clear that a large fraction of stars are
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born in binary systems in which the components exchange material at some point during their
evolution. Mass transfer may be slow and conservative (stable Roche Lobe overflow), rapid
(dynamical mergers), or non-conservative (common-envelope ejection). The resulting stars
(e.g. blue stragglers, early-R stars, subdwarf B stars, RCrB stars) have structures entirely
different from those predicted by single-star theory. A vital task of asteroseismology is to
probe the current structure of these stars and explain the physics of the prior interaction.
The Impact of Asteroseismology
In reviewing the impact of asteroseismology on the theory of stellar evolution, we have already
touched on one major problem in stellar pulsation – the Cepheid mass discrepancy. Another
was the driving mechanism for the β Cepheid variables (Moskalik & Dziembowski 1992). In
both cases the solution was opacity – specifically the contribution of iron-group elements to
opacity at temperatures around 105K. It will be seen that the roˆle of opacity is a recurring
theme in asteroseismology.
Time and space do not permit discussion of the recent impact of studies of the Sun and
solar-like oscillations, δ Sct and γ Dor variables, ro-Ap stars and slowly-pulsating B stars,
not to mention RRLyr, BL Her, and WVir variables, bump Cepheids and many others. The
author has chosen to focus on familiar territory, i.e. asteroseismology in the late stages of
stellar evolution.
Extreme Horizontal Branch Stars
Extreme horizontal-branch (EHB) stars were first discovered as faint blue stars in the Galac-
tic halo, where they became more commonly known as subluminous B (or sdB) stars
(Greenstein & Sargent 1974). Their cosmic importance is established by the contribution they
make to the ultraviolet light of giant elliptical galaxies and certain galactic globular clusters
(Yi & Demarque 1998, Brown et al. 2000). Straightforward studies of low-mass stellar struc-
ture and evolution demonstrates that sdB stars (a) must be helium-core burning stars with
a mass of ∼ 0.5 M

and a negligible hydrogen envelope and (b) cannot be produced by
conventional single-star evolution. Fortunately, it is clear that there are at least four binary-
star evolution channels that will result in the production of an EHB star, as well as at least
four types of stellar system containing an sdB star. The question is whether we can compare
nature and theory. Stellar population synthesis can be used to estimate the mass distribution
of the EHB stars expected from each of the binary evolution channels (e.g. Han et al. 2003).
While a specific mass distribution depends on certain simulation parameters (metallicity, crit-
ical mass ratio for stable mass transfer, mass transfer efficiency, etc.) it is clear that, for
example, helium white dwarf mergers will result in a much broader sdB mass distribution
than common-envelope evolution, or stable Roche lobe overflow. It is possible to identify
which sdB star came from which evolution channel from its binary properties, but not usually
to measure its mass precisely. Fortunately, the discovery of pulsations in sdB stars (EC 14026
stars: Kilkenny et al. 1997, PG 1716 stars: Green et al. 2003) has made it possible to carry
out asteroseismology (e.g. Charpinet et al. 2008) and hence determine the mass distribu-
tion of different classes of sdB star (e.g. Randall et al. 2008). More systems will have to
be solved by asteroseismology before this technique yields an unequivocal test of the theory
– but current signs are promising. A second consequence of the pulsation discoveries was
evidence of chemical stratification – iron-group elements have to be enriched in the driving
zones by radiatively-driven diffusion if they are to pulsate at all (Charpinet et al. 1997).
Post-AGB Stars
Beyond the horizontal and asymptotic-giant branches, low-mass stars contract towards a fully
degenerate configuration on the white-dwarf cooling sequence. Their interior properties are
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governed by chemical stratification, a record of previous evolution frozen in by the hard equa-
tion of state. Along the cooling sequence, white dwarfs traverse a series of instability strips
where, if the composition of the driving layers is right, excited g-modes make it possible to
explore this deep interior. Recent progress is reviewed amply elsewhere (Fontaine 2008). It
suffices here to recall the poster child BPM 37093 (= Lucy: Metcalfe et al. 2004). Asteroseis-
mology using data collected by the Whole Earth Telescope concluded that this star was 90%
crytallized carbon – a giant diamond in the sky – and placed strong constraints on the masses
of the outer hydrogen and helium layers (−4.2 > log MH > −5.6, 2 > log MHe > −2.6).
While the details are not entirely uncontested (Brassard & Fontaine 2005), it is significant
that twenty years ago, there was considerable debate over the value of MH at the end of
AGB evolution. Strong limits on MH and MHe from asteroseismology now directly constrain
stellar evolution theory.
Post-Post-AGB Stars
Also in the last two decades, substantial evidence has accumulated that contraction to become
a white dwarf is not the final journey in the life of very low-mass star. In some stars, it appears
that re-ignition of the helium-burning shell as the star is contracting (a late thermal pulse) or
even after it has reached the cooling track (a very-late thermal pulse) causes the star to expand
vigorously to become a yellow super-giant. Whilst cool and luminous, an increasing pulsation
period may give direct evidence of expansion (cf. FG Sge, van Genderen & Gautschy 1995).
The challenge for stellar evolution theory is to understand the physics of these late thermal
pulses. For example, following a late thermal pulse, models suggest that flash-driven convec-
tion mixes fresh nuclear material up through the inter-shell region, but these are not dredged
to the surface until the star has become a giant and has developed a deep opacity-driven
surface convection zone, whereupon the surface becomes rich in helium and carbon. In the
case of a very-late thermal pulse, models suggest that flash-driven convection is sufficiently
energetic to penetrate the now much lower entropy barrier at the base of the hydrogen enve-
lope and to reach all the way to the stellar surface (Scho¨nberner 1979, Herwig et al. 1999).
Prompt mixing of the entire outer layers will result, including ingestion of protons into hot
helium- and carbon-rich inter-shell material with the likely production of additional s-process
elements.
As the energy of a final flash is dissipated, the envelope cools and the star contracts for
a second time to the white-dwarf cooling track, as an hydrogen-deficient star. While the
times-scales of contraction (and expansion) depend on when the final-flash occurred (late or
very late), both channels produce very hot (DO) white dwarfs. Several stars at the transition
between contraction and cooling show multi-periodic g-mode pulsations. Asteroseismology of
these GW Vir variables has provided very strong constraints on the global properties (mass,
radius, effective temperature) of these stars, as well as internal properties such as the thickness
of the helium envelope (Corsico et al. 2007a,b, Althaus et al. 2008). One challenge is that
the best models of the best-observed star (GW Vir) predict an increasing period, whilst the
observations show a decreasing period. The question is whether this is a problem with the
helium envelope thickness or some other aspect of the internal structure.
Post-White-Dwarf Evolution – Is There Life After Death?
The GW Vir variables and other PG1159–035 stars and DO white dwarfs form the hot end of
a sequence of “post-post-AGB” stars with hydrogen-deficient and very carbon-rich surfaces
(∼ 10% by number). Another hydrogen-deficient sequence, with rather lower carbon abun-
dance (∼ 1% by number) is suggested by the RCrB variables, extreme helium stars (EHe)
and other hydrogen-deficient hot subdwarfs (cf. “www.arm.ac.uk/∼csj/research/ehe links/”
and Jeffery 2008a). The late thermal pulse fails to account for many of the properties of
this sequence; a stronger model is provided by the idea that binary systems containing two
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white dwarfs may merge. The ignition of helium material accreted onto the CO white dwarf
surface forces the star to become a yellow super-giant, and subsequently to contract along
this sequence (Saio & Jeffery 2002, Clayton et al. 2007). The most massive of these stars
have luminosity-to-mass ratios that are so high that they are pulsationally unstable both while
they are in the classical Cepheid instability strip (the RCrB stars) and as they evolve to higher
effective temperature (Saio & Jeffery 1988, Jeffery 2008b). There have been suggestions that
the hottest EHes exhibit multi-periodic pulsations, and clear evidence of strong line-profile
variations, but with periods ∼ 1 day and longer, and the likelihood of extreme non-adiabacity,
a direct application of asteroseismology to test the white dwarf merger model for these stars
remains a cherished dream.
Really Dead Stars
Most exotic of all, are the oscillations that might be exhibited by neutron stars. The clock-
like radio signatures of pulsars are well-known, though possibly less well-understood. Some
authors have examined the potential for generating surface Rayleigh waves in the solid crust
(e.g. Yoshida & Lee 2001, 2002), while Piro & Bildsten (2004, 2005a,b) have looked at
oscillations in the fluid layers above the solid crust. The question is whether any of these
oscillations, if excited, would manifest to a distant observer. X-ray observations point to
millisecond oscillations in a number of neutron stars (Kaaret et al. 2007, Casella et al. 2008,
Strohmayer et al. 2003). XTE J1814-338 has suggested an asteroseismological application
that leads to the mass-radius ratio and hence to a strong constraint on a stiff equation of
state for the neutron-star interior (Bhattacharyya et al. 2005, Leahy et al. 2008).
Conclusion
The opening slide of the talk on which this paper is based showed a photograph of an
asteroseismologist and a geologist (the author and daughter) sailing a small boat on Belfast
Lough. There is evidence of a driving mechanism – wind acting on the sails of the boat. The
motion of the boat demonstrates oscillations of the water surface; since gravity (or buoyancy)
is the restoring force – these must be gravity waves. Spray from the dinghy’s bow shows
evidence of damping, at least to the crew. Following closer inspection of the supporting fluid
(by complete immersion) – the expedition concluded that further study of such waves would
tell them a lot about fluid dynamics, and perhaps about the surface gravity of the Earth, but
relatively little about its global structure or evolution. The lesson is that stellar oscillations
invariably inform about the physics of a stellar envelope; the extension to information about
stellar evolution is not always obvious.
Our introduction emphasized caution; much of the recent impact of asteroseismology
has been to reveal the structure of a pulsating star, and thereby to explore the underlying
physics, such as convection, rotation, opacity and diffusion. There is no doubt that the study
of stellar pulsation as a whole has had a profound impact on all of these, as well as radically
reforming our theories of stellar evolution and, indeed, cosmology. Asteroseismology per se
is coming of age as more sensitive experiments and more numerous targets become available.
It is becoming possible to test the evolution theory by observing stellar structure at many
points between the stellar nursery and the stellar graveyard. In this brief re´sume´, we have
discussed evidence that asteroseismology has made a major impact on: understanding the
physics of main sequence stars, resolving the theory of stellar evolution through He-burning
phases, testing new aspects of evolution theory and physics for “exotic” stars, resolving the
C/He/H structure of white dwarfs, providing tests of nuclear processes and mixing in prior
phases of evolution, and, via masses and rates of period change, testing models for stars
evolving on thermal and/or nuclear timescales.
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DISCUSSION
Noels: I do not understand why you completely reject the single star scenario to explain sdB stars. Are
you confident enough about mass loss rates during mass loss rates during red giant phase and helium
flashes to rule out such a scenario?
Jeffery: So far I have not seen any result that would lead me to believe that a single RGB star can lose
its envelope early. Helium flash models do not predict enhanced mass loss. Normal red giant winds do
not suggest removal of the entire H-envelope. Otherwise, I would expect to see many more sdB stars
than we do – especially in globular clusters. Having said that, the sdB stars in globular and old-red-dead
galaxies must have a significantly different progenitor population to those in the disk of the Galaxy. It is
conceivable that RGB winds behave differently in these environments. However I think it more likely that
a shift in the balance between the close-binary formation channels (merger versus common-envelope, for
example) is responsible for the different sdB statistics.
Lampens: Could it be that the problem with g-mode instability strip is due to the fact that many sdB
stars are close binaries and that g-modes are not intrinsically excited ?
Jeffery: Since only a fraction of g-mode sdBs are in close binaries, intrinsic excitation must operate in the
remainder and therefore, most likely, in all. Now that we understand the opacities better (Jeffery, C. S.,
& Saio, H., 2006, MNRAS, 372, L48), I do not believe there is any problem with the fundamental physics
of the g-mode instability strip, though the details must still be refined.
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Abstract
Findings of a few recent asteroseismic studies of the main sequence pulsating stars, as per-
formed in Wojciech Dziembowski’s group in Warsaw and in Michel Breger’s group in Vienna,
are briefly presented and discussed. The selected objects are three hybrid pulsators ν Eridani,
12 Lacertae and γ Pegasi, which show both β Cephei and SPB type modes, and the δ Scuti
type star 44Tauri.
Individual Objects: ν Eri, 12 Lac, γ Peg, 44Tau
Introduction
Main sequence stars (including the Sun) seem to be ideal objects for the seismic modelling,
i.e. for construction - or rather refinement - of the models of individual stars using data on
their multiperiodic oscillations. The structure of the MS stars has been understood qualita-
tively quite well but some details of the structure and some physical processes still need to
be explained. These problems have been specified and discussed in a very compact and infor-
mative form by Marc-Antoine Dupret (2008) in his introductory talk (these Proceedings). By
fitting stellar models to observational data on oscillations, we can obtain detailed constraints
on stellar parameters and on physical processes in interiors.
Most of the results, presented in this contribution, have been discussed more thoroughly by
Dziembowski & Pamyatnykh (2008) and by Lenz et al. (2008). However, newest observational
data (in particular, for 44 Tau) may change some conclusions of those papers.
Hybrid stars ν Eri, 12 Lac and γ Peg
Hybrid stars are main sequence pulsating variables which show two different types of
oscillations: (i) low-order acoustic and gravity modes of β Cephei type with periods
of about 3− 6 hours, and (ii) high-order gravity modes of the SPB type with peri-
ods of about 1.5− 3 days. Theoretically, such a behaviour was predicted for  > 5 by
Dziembowski & Pamyatnykh (1993, see Figs. 5 and 6 there) and later, when using newer
opacity data, also for the low-degree oscillations (Pamyatnykh 1999). In the HR diagram, the
overlapped region of the β Cep and SPB type pulsations is very sensitive to the opacity data
(see Figs. 3 and 4 in Pamyatnykh 1999), therefore the modelling of hybrid star pulsations will
allow to test the opacity of the stellar matter - for example, to choose between two indepen-
dent sets of the OPAL and OP data (Iglesias & Rogers 1996 and Seaton 2005, respectively).
Theoretical β Cep and SPB instability domains and position of three confirmed hybrid stars
are shown in Fig. 1. All three stars are very close to the region where hybrid pulsations are
expected when using the OP opacities.
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Figure 1: Pulsational instability domains in the upper part of the main sequence. In the overlapped region
of the β Cep type and SPB type oscillations the hybrid pulsations are expected. OP opacity data for
Z = 0.015 and for new solar proportions in the heavy element abundances were used (mixture A04,
Asplund et al. 2005). The positions of observed stars were obtained using catalogs of Stankov & Handler
(2005, β Cep) and De Cat (2007, SPB). Three hybrid stars are marked explicitly.
Fig. 2 shows the observational frequency spectra of ν Eri and 12 Lac. High-frequency
modes of the β Cep type are well resolved, and their degree, , and in some cases also
azimuthal order, m, are determined from photometry and spectroscopy. For very slow rotating
star ν Eri, one radial mode, two  = 1 triplets (modes g1 and p1) and one more mode
( = 1, p2, ν = 7.89 c/d) are identified. For 12 Lac, one radial mode, two components of a
 = 1 triplet and 5 other  = 1 and/or  = 2 modes are identified.
The seismic models of ν Eri which fit radial and two  = 1, m = 0 frequencies were con-
structed for different opacities (OP and OPAL) and different assumptions about the efficiency
of the overshooting from the stellar convective core. Ausseloos et al. (2004) constructed seis-
mic models of this star which fit one more mode,  = 1, p2 at ν = 7.89 c/d, but it was
necessary to assume rather unrealistic chemical composition parameters (X and/or Z) and a
quite effective overshooting. Moreover, they did not consider the low-frequency modes of the
SPB type pulsations. We argued that the overshooting from the convective core is ineffective
in ν Eri (seismic models with overshooting are located outside the observational error box in
the HR diagram) but this result critically depends on the Teff determination.
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Figure 2: Observational frequency spectra of ν Eri and 12 Lac based on Jerzykiewicz et al. (2005) and
Handler et al. (2006) data, respectively. The numbers above frequency bars mark mode degree values, ,
as inferred from multicolour photometry (according to Dziembowski & Pamyatnykh 2008).
Fig. 3 illustrates the effect of the opacity choice between the OPAL and OP data on
the instability of  = 1 and  = 2 modes of ν Eri seismic model. The OPAL model was
discussed by Pamyatnykh et al. (2004). Using the OP data leads to wider frequency insta-
bility range, as it has been demonstrated very clearly for whole β Cep and SPB domains by
Miglio et al. (2007). They also showed that the effect of the choice between old and new solar
proportions in the heavy element abundances - respectively, GN93 (Grevesse & Noels 1993)
and A04 (Asplund et al. 2005) - is significantly smaller than that of the opacity choice. Only
the model constructed with the OP data is unstable in low-frequency modes (high-order g
modes of  = 2) and can fit the measured frequency at 0.61 c/d. The local η maximum for
 = 1 nearly coincides with another measured low frequency at 0.43 c/d, but no instability
was found there. There is also a problem of excitation and fitting of the observed peaks
at 7.89 c/d, one of them was identified from photometry as an  = 1 mode (it must be
 = 1, p2 mode). Zdravkov & Pamyatnykh (2008) demonstrated that an additional opacity
enhancement by approximately 50% around the iron bump at its slightly deeper location
may lead to the instability of both high-order g modes and  = 1, p2 mode at the observed
frequencies.
The two  = 1 triplets in the ν Eri frequency spectrum allow to constrain internal rotation
rate. In Fig. 4, the rotational splitting kernels (weighting functions in the integral over the
local rotational velocity inside the star) for two dipole modes of the seismic ν Eri model are
shown. These kernels determine the sensitivity of different layers to the rotational splitting
of the oscillation frequencies, therefore from the measured spacings between components of
different multiplets we can obtain information about internal rotation. We showed that in
ν Eri the convective core rotates approximately 5 times faster than the envelope.
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Figure 3: The normalized growth rate, η, as a function of mode frequency for ν Eri seismic model con-
structed both with OPAL and OP opacities (η > 0 for unstable modes). Both models fit the observational
error box (log L, log Teff ) in the HR diagram. The frequencies of radial fundamental and two dipole modes
( = 1, modes g1 and p1) fit the observed values at 5.763, 5.637 and 6.244 c/d, respectively. The ob-
served frequencies are shown by vertical lines, with their lengths proportional to the mode amplitudes in a
logarithmic scale. Note that in the OP case there are unstable low-frequency quadrupole ( = 2) modes,
whereas in the OPAL case all low-frequency modes are stable.
Figure 4: The rotational splitting kernels, K, for the two dipole ( = 1) modes in the seismic model of
ν Eri. The corresponding part of the frequency spectrum is shown in the small box. The inner maxima
extend over the chemically nonuniform zone above the convective core.
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Figure 5: The normalized growth rates, η, of  = 1 and  = 2 modes as a function of mode frequency in
seismic model of 12 Lac computed with the OP opacities for Z = 0.015 and heavy element mixture A04.
Vertical lines mark the observed frequencies, with amplitudes given in a logarithmic scale.
In Fig. 5, the observed frequency spectrum of 12 Lac is compared with results for a seismic
model which was constructed to fit four dominant peaks at 5.0-5.5 c/d: the radial fundamental
mode, two components of  = 1 triplet and one component of the  = 2 quintuplet. Most
of remaining peaks also have their counterparts among theoretical frequencies. The η(ν)
dependence is similar to that for the ν Eri model in Fig. 3. The theoretical frequency range
of unstable β Cep type modes fits the observed peaks very well. However, the high-order g
modes of  = 1 and  = 2 are stable, in contrast to the  = 2 case of ν Eri. Again, the
solution of the problem may require an opacity enhancement in the driving zones in deep
envelope. From the frequencies of two components of rotationally splitted  = 1 triplet (and
taking into account a necessity to fit the observed  = 2 peak at 4.2 c/d) we estimated that
the convective core rotates approximately 4.6 times faster than the envelope, this result is
similar to that for ν Eri. The calculated surface equatorial velocity of 47 km/s agrees very
well with the spectroscopic estimation of about 50 km/s.
γ Peg is also a hybrid star (Chapellier et al. 2006 and private communication by G. Handler)
with two oscillation frequencies of the β Cep type (6.01 and 6.59 c/d), and two - of the SPB
type (0.686 and 0.866 c/d). Fig. 6 illustrates preliminary results of the modelling. The models
were constructed by fitting the frequency of the radial fundamental mode to the observed
frequency at 6.59 c/d. As it is easy to see from Fig. 6, the frequency of dipole mode  = 1, g1
can fit the observed value 6.01 c/d in a model with Z value in between 0.015 and 0.02.
Two observed low-frequency modes are well inside the frequency range of unstable high-order
gravity modes of  = 2. The identification of the mode degree for observed peaks will allow to
check these preliminary assessments. Now, an intensive campaign of ground-based and cosmic
observations (with the MOST satellite) is on the way (G. Handler, private communication).
44Tau
The δ Sct type variable 44 Tau is an extremely slowly rotating star in which 15 oscillation
frequencies have been measured (Antoci et al. 2007, Breger & Lenz 2008). Two of them are
identified as radial modes. Moreover, 7 other modes have been identified as  = 1 and  = 2
oscillations. The log g value as determined from photometry and spectroscopy does not allow
to choose between the main sequence and post-MS model for this star. Lenz et al. (2008)
gave asteroseismic arguments in favor of the post-MS model. In particular, only post-MS
model can fit both observational error box in the HR diagram and frequencies of two radial
modes. In Fig. 7 the observed and theoretical frequency ranges are compared for two 44Tau
star models. In contrast to a similar plot given by Lenz et al. (2008), this figure also includes
254 Examples of seismic modelling
Figure 6: The normalized growth rates of  = 1 and 2 modes in two γ Peg models constructed with the
OP opacities for the heavy element mixture A04. Both models have mass of 8.7 M

but differ in the
heavy element mass fraction, Z. Two larger points close to the ν4 mark mode  = 1, g1.
Figure 7: The normalized growth rates of  = 0 − 2 modes in the main sequence and post-MS models
of 44Tau. Vertical lines mark the observed frequencies, with longer lines for two identified radial modes.
Both models fit these radial frequencies.
the previously unknown lowest frequency mode at 5.30 c/d which has been detected very
recently (Breger & Lenz 2008). This finding may be an argument against the post-MS
models for 44 Tau which have no unstable modes at these low frequencies.
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DISCUSSION
Noels: I fully agree with you that there probably is a missing opacity not only in β Cep stars but all
along the MS. I am however surprised by your results for ν Eri on the comparison between OP and OPAL
opacities. The ”best” models you obtain are very different which means that the change is not only due
to changes in the iron bump but also to changes in the whole star. Do you agree with that? This is very
different from an increase of opacity limited to the iron bump which will only affect the excitation of the
modes.
Pamyatnykh: You are correct in that our best seismic models computed with the OPAL and OP data
differ in a some extent not only in the iron bump region but also in the whole star. The most important
difference between the OP and OPAL opacities is that in the OP case the iron bump is located slightly
deeper in the star (at slightly higher temperatures) compared with the OPAL case. Our seismic models of
ν Eri fit the observed frequencies of the radial fundamental mode and two dipole modes (g1 and p1) very
nicely, with an accuracy better than 10−3. The opacity changes around the iron bump even by about 20
percent (which is a systematic difference between OP and OPAL at fixed temperature in this region) lead
to a change of the stellar structure and consequently to a change of the oscillation frequency spectrum,
so to fit the observed frequencies we must adjust global stellar parameters - such as mass, heavy element
abundance and effective temperature. Therefore, the structure of the seismic model constructed with the
OP data will differ in some extent from that of the model constructed with OPAL.
Again, an additional similar opacity change around the iron bump will also affect the oscillation
frequencies (not only the mode excitation) and thereby the corresponding seismic model. Such a test
with artificially enhanced opacity in a vicinity of the iron bump (more exactly, slightly deeper than the
iron bump!) has been performed by T. Zdravkov and myself (these Proceedings).
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Abstract
More than 30 years ago the first pulsating pre-main sequence (PMS) stars have been discov-
ered. Since then, pulsations in 18 Herbig Ae stars and 18 members of young open clusters
were detected and detailed asteroseismic investigations were conducted for some of them.
We describe our latest results in this field.
Using ground-based observations of NGC6530 278, it was possible for the first time to
show that the star’s observed frequency spectrum can only be explained by a PMS model.
Observations obtained with the MOST space telescope allowed to study the pulsations of the
enigmatic Herbig Ae star HD 142666, which is also surrounded by a dense circumstellar disk.
In addition, 4 new pulsating PMS stars were discovered in the young open cluster NGC 2264
based on time-series photometry with the MOST satellite.
Individual Objects: HD142666, NGC 6530, NGC2264
Introduction
Pre-main sequence (PMS) stars are on their way from the birthline to the zero-age main
sequence (ZAMS) in the Hertzsprung-Russell (HR) diagram. They derive most of their energy,
half of which heats the star and half of which radiates away, from the release of gravitational
potential energy as the star collapses. As hydrogen has not ignited in their cores, their
interiors are mostly chemically homogeneous and lack regions of already processed nuclear
material, which is the main difference to their (post-)main sequence counterparts. One can
distinguish between two groups of young stars: (i) the low-mass (M ≤ 1M

) T Tauri stars
with spectral types from late F to M which are not the main candidates to search for pulsation;
(ii) the intermediate-mass (1M

≤ M ≤ 10M

) Herbig Ae/Be stars with spectral types
B to early F that can become pulsationally unstable. But the evolutionary stages of these stars
are ambiguous: stars with masses higher than ∼ 6M

do not have a visible PMS phase as their
birthline intersects with the ZAMS (Palla & Stahler 1993), while stars below ∼ 6M

have an
observable PMS phase. Furthermore, the evolutionary tracks of pre- and post-main sequence
stars of same mass, effective temperature and luminosity intersect several times close to the
ZAMS (Breger & Pamyatnykh 1998) prohibiting a clear determination of the evolutionary
phase of a field star. The reason is that young stars and their more evolved counterparts
show similar envelope properties and only differ in their interiors (Marconi & Palla 1998).
As the cores of post-main sequence stars are much denser than those of PMS objects,
the small frequency spacings are different in the two evolutionary phases (Suran et al. 2001).
If the observed oscillation spectrum of a star is complete enough, it should be possible to
determine the age of a pulsating star from asteroseismology. To test this hypothesis pulsating
PMS stars for which the evolutionary phase is known from an independent source need to be
investigated.
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Pulsating PMS stars
The 36 known PMS pulsators (Zwintz 2008) are either Herbig Ae field stars (with
masses ≤ 4M

) or members of young open clusters. The latter have to be younger than
10 Myr to ensure that their A and F type members are in their PMS phase. These 36 stars
pulsate like the classical δ Scuti stars with periods between 20 minutes and 6 hours and
with amplitudes at the millimagnitude level. Their pulsation is also driven by the κ and γ
mechanisms in the H and He ionization zones (Marconi & Palla 1998).
NGC 6530 2781
For stars in the young open cluster NGC 6530, CCD time-series photometry was obtained using
the CTIO 0.9m telescope and Johnson V & B filters. 6 PMS cluster members were discov-
ered to pulsate (Zwintz & Weiss 2006); among those is NGC 6530 278 (V = 12.16 mag)
which has a membership probability of 68% (van Altena & Jones 1972). The identified
9 pulsation frequencies of NGC 6530 278 were subject of an asteroseismic analysis using a
dense and extensive grid of model spectra to find the best match to the observed frequency
spectrum. This method was originally developed by Guenther & Brown (2004) for mod-
elling stars in advanced evolutionary stages. All frequencies - except one - could be fit as
l = 0, 1 and 2 modes providing clear evidence of the existence of nonradial pulsations in PMS
stars (Guenther et al. 2007).
The model was fit under the assumption that the star is indeed in its PMS evolutionary
phase. As the observed frequency spectrum of NGC 6530 278 is complete enough, it was
possible to check whether the oscillations could also be reproduced by a post-main sequence
model. So, we then tried to fit post-main sequence models to the observed p-mode frequencies
the same way as we did for the PMS models using the same chemical composition and mixing-
length parameter (i.e., calibrated to the solar model). No post-main sequence model could
be found to fit the observed frequencies (Guenther et al. 2007). Therefore, we conclude that,
in this case, it is possible to distinguish between a pre- and a post-main sequence star only
from the observed frequencies. Based on this, we are able to confirm that NGC 6530 278 is
indeed a PMS object.
HD 142666
A single pulsation period of ∼1.12 hours was discovered in the Herbig Ae star HD142666
(V = 8.81mag) by Kurtz & Mu¨ller in 2001. The pulsational variations were known to lie
on top of larger irregular variations caused by a dense circumstellar dust disk seen edge-on
(Meeus et al. 1998). For a detailed asteroseismic study of the pulsations of the star, additional,
longer time-series of higher quality were needed. Hence, HD 142666 was proposed as target
for the MOST satellite (Walker et al. 2003) to the MOST Science Team.
MOST observations of HD 142666 were conducted for 11.5 days in 2006 and for nearly
39 days in 2007. The light curves show the typical “UX-Ori type” irregular variations caused
by the circumstellar dust disk with a peak-to-peak amplitude of ∼1 magnitude (see Figure 1:
upper panel: 2006 data, middle panel: 2007 data). The pulsational variations at the milli-
magnitude level are shown in the bottom layer in Figure 1. A detailed frequency analysis of
the data sets from both years was performed (for more details see Zwintz et al. 2008). 12 fre-
quencies could be identified to originate from pulsation and were subject to an asteroseismic
analysis.
The location of HD 142666 in the HR-diagram is quite uncertain, since the star is sur-
rounded by a dense circumstellar disk which affects the determination of effective temperature
and luminosity. The values for the star’s effective temperature given in the literature vary
1Numbering according to Zwintz & Weiss (2006)
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Figure 1: MOST observations of HD 142666: The typical “UX-Ori type” irregular light variations are
clearly visible both in the 2006 data (top panel) and in the 2007 data (middle panel). The pulsations are
seen in the lower panel which shows a zoom into the 2007 observations.
between 7200K (Vieira et al. 2003) and 8500 K (Dominik et al. 2003). The only estimate
for the luminosity is given by Monnier et al. (2005) who obtain L = 8.8±2.5 L

derived
from a relation between the circumstellar disk radius and the stellar luminosity. As the input
parameters of the disk itself are uncertain, the result is quite ambiguous.
We again used the dense and extensive grid of model spectra to find the best match to
the observed frequency spectrum. However, in the case of HD 142666, it was not possible
to find a fit to all 12 identified pulsation frequencies simultaneously. Therefore, the analy-
sis focused on the five most dominant modes, for which good model fits were determined
(Zwintz et al. 2008).
The asteroseismologically derived values lie significantly out of the uncertainty box of
the values for effective temperature and luminosity taken from the literature. Therefore,
additional studies of the fundamental parameters of HD 142666 together with its pulsations
have to be carried out to be able to give a definite solution.
NGC 2264
Recently, MOST observed the young open cluster NGC 2264 (age ∼3 Myr) to search for
PMS pulsators apart from the two already known oscillators, V 588 Mon and V 589 Mon
(Breger 1972; Kallinger et al. 2008). As the diameter of the cluster was larger than the
field-of-view of MOST, the observations were performed using two alternating fields. High-
precision time-series photometry for in total 69 stars between 7.5th and 12th magnitude and
with spectral types from early B to K was obtained from space.
MOST revealed 4 new pulsating PMS stars in NGC 2264, one example is shown in Fig-
ure 2. The star pulsates with frequencies at 58.1 and 61.5 d−1 and with amplitudes of
11 and 15 mmag, respectively. A detailed asteroseismic analysis of all four newly identified
stars is ongoing.
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Figure 2: Amplitude spectrum of a new PMS pulsator in NGC 2264 discovered using MOST observations:
the dashed lines at ∼ 56.7 and 71 d−1 mark 4 and 5 times the orbit frequency of MOST, respectively,
and the dotted lines are the corresponding 1 d−1 sidelobes. The two frequencies at 61.5 and 58.1 d−1 are
due to pulsations.
Acknowledgments. KZ and TK acknowledge support from the Austrian Science Funds
(FWF; KZ: project T335-N16; TK: project P17580). The Natural Sciences and Engineering
Research Council of Canada supports the research of D.B.G.
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DISCUSSION
Dziembowski: Did you take into account rotational splitting?
Zwintz: No.
Weiss: There is a paper recently published by the Italian group which tries to take rotation
into account and they determine very similar frequencies.
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Abstract
Since their discovery eleven years ago, short-period pulsating sdB stars have proved their
potential for quantitative asteroseismological studies. We have recently updated our astero-
seismic diagnostic tools in order to incorporate the effects of stellar rotation on pulsations,
assuming various internal rotation laws. It is possible, with these new tools, to determine the
internal rotation profile of two short-period pulsating sdB stars residing in close binary sys-
tems, namely Feige 48 and PG 1336−018. They exhibit orbital periods of 9.024 h and 2.424
h respectively, as measured from spectroscopy. For the two stars, we show that spin-orbit





rotation of deeper layers cannot be inferred with the type of modes – p-modes – observed in
short-period pulsating sdB stars. These results can potentially provide new elements to test
tidal friction theories, particularly the angular momentum transport, in close binary systems.
Individual Objects: Feige 48, PG 1336−018 (NY Virginis).
Introduction
Subdwarf B (sdB) stars are hot (Teff = 20,000−40,000 K) and compact (log g = 5.2 − 6.2)
evolved Extreme Horizontal Branch stars (EHB). They are composed of a partly convec-
tive helium-burning core, surrounded by a radiative helium mantle and a very thin radiative
hydrogen-rich envelope (Menv < 0.02 M

, while the total mass is around 0.5 M

). They
spend about 1.5×108 yr on the EHB and then evolve, after core-helium exhaustion, directly
toward the white dwarf cooling sequence (Dorman et al. 1993). Subdwarf B stars host two
groups of nonradial, multiperiodic pulsators. Rapid oscillations (80 − 600 s) in the so-called
EC 14026 stars, discovered by Kilkenny et al. (1997), are usually identified with low-degree,
low-order p-modes. The longer periods (0.75 − 3 h) of the PG 1716 stars, discovered more
recently by Green et al. (2003), are due to low-degree, mid-order g-modes. The presence of ex-
cited pulsation modes in both types of pulsators is caused by a classic κ-effect associated with
an opacity bump due to partial ionization of heavy metals, especially iron, locally enhanced
by radiative levitation at work in the envelope of these stars (Charpinet et al. 2001, 2008).
A significant fraction of sdB stars reside in close binaries, with orbital periods from
hours to days and white dwarfs or M dwarf companions (see, e.g., Maxted et al. 2001 or
Green et al. 2001). The Feige 48 system is made of a short-period pulsating sdB star and
an unseen companion (most likely a white dwarf), with an orbital period of 9.024 ± 0.072 h
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(O’Toole et al. 2004). PG 1336−018 (Porb = 2.42438 h; Kilkenny et al. 2000) is one of the
very few HW Vir-type sdB + dwarf M close eclipsing binaries, and the only known – to date
– that exhibits short-period pulsations for its sdB component.
Tidal forces in binary systems, among other long-term effects such as circularization and
alignment of the rotation axis to the normal of the orbit, tend to synchronize the rotation of
the two stars with the orbital motion. Theoretical frameworks on tidal interaction have been
developed in the last decades essentially by Zahn (1975, 1977, and references therein), where
turbulent dissipative processes and radiative damping are invoked. Another model based on
large-scale hydrodynamical currents was proposed by Tassoul & Tassoul (1992, and refer-
ences therein). The question of the basic validity of these competing models is still under
debate. The theoretical synchronization times can differ by orders of magnitude depending
on the physical mechanism invoked, especially in the case of hot stars with radiative en-
velopes (such as sdB stars), where tidal forces are less efficient for synchronization. In any
case, the confrontation of the theory with the observations, through the traditional photo-
metric or spectroscopic techniques, only deals with the surface layers. The synchronization
level reached in the inner parts, by transport of the angular momentum from the surface
(Goldreich & Nicholson 1989), is only accessible by asteroseismology. It therefore constitutes
a unique opportunity to test the theory of stellar synchronization and angular momentum
transport as a function of depth.
The forward modeling approach for asteroseismology
The group of rapidly pulsating sdB stars has proved its potential for performing objective
asteroseismic analyses (see Fontaine et al. 2008 for a recent review). The method implements
the so-called forward modeling approach, built on the requirement of global optimization:
theoretical pulsation spectra computed from sdB models must match all the observed periods











where Nobs is the number of observed periodicities. The method performs a double-
optimization procedure in order to find the minima of the merit function, which constitutes
the potential asteroseismic solutions (see details in Charpinet et al. 2005b). The codes have
been recently improved to incorporate the effect of the rotation of the star, which lifts the
(2l + 1)- fold degeneracy of eigenfrequencies of a perfectly spherically symmetric star (Van
Grootel al. 2008). Assuming an internal rotation law Ω(r), the rotational multiplets are
calculated, with the perturbative method to first order, by
σklm = σkl − m
Z R
0
Ω(r)Kkl(r)dr ; Kkl =











where Kkl is the rotational kernel. The optimal solution gives the structural parameters of
the star (Teff , log g, M∗, log q(H)) and, of utmost interest here, the internal dynamics Ω(r)
as a function of the radius of the star.
The effects of higher orders due to rotation have been estimated from polytropic (N = 3)
models, using a full (nonperturbative) treatment of stellar rotation developed by one of us
(Reese et al. 2006). The main results show that these higher-order perturbation effects due to
rotation and tidal deformation of the star cannot affect in any significant way the asteroseismic
solution proposed for Feige 48 and PG 1336−018 at the present level of accuracy (further
details are given in Charpinet et al. 2008).
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Figure 1: Merit function S2 (in logarithmic units) as a function of the core rotation period of the sdB
star in Feige 48 system. The surface rotation is fixed at the optimal value of 32,500 s (9.028 h) found for
solid-body rotation. The transition between the two layers is fixed to 0.3 R
∗
.
Test of spin-orbit synchronism with asteroseismology
The pulsating sdB star in the Feige 48 system exhibits nine pulsation periods in the range
343 − 383 s, as observed in white light photometry at the 3.6-m CFHT during six nights in
June 1998 (Charpinet et al. 2005a). Three groups of modes can naturally be constructed
from this pulsation spectrum, as components of rotational multiplets approximately evenly
distributed in frequency with a mean spacing of about ∼ 28 μHz. These nine pulsation
periods are used in the optimization procedure in order to find the minima of the merit
function, assuming several internal rotation laws. First, the hypothesis of a solid-body rotation
(Ω(r) = Ω = constant) is tested, and the star rotation period Prot = 2π/Ω therefore
constitutes a free parameter in the optimization procedure. This leads to the determination
of the structural parameters of the star and to a rotation period Prot = 9.028 ± 0.48 h
(details can be found in Van Grootel al. 2008), in excellent agreement with the orbital period
of the system Porb = 9.024 ± 0.072 h measured from RV variations. This result strongly
suggests that the sdB star is tidally locked in the Feige 48 system.
To investigate this question further, the hypothesis of differential rotation is tested by
dividing the star in two regions that each rotate independently as solid structures. In a
first step, the transition between the two layers is fixed to 0.3 R
∗
, following the sug-
gestion of Kawaler & Hostler (2005). The surface rotation is fixed to its optimal value
of 32,500 s (9.028 h), when the core rotation is varied from a period of 4,500 s to 40,000 s.
The optimization procedure on structural parameters is carried out for each configuration of
differential rotation. The best merit function S2 for each configuration is plotted in Fig. 1.
A very fast core rotation can be rejected from Fig. 1, as it leads to much poorer merit
functions; while S2 again increases for longer core rotation periods. Taking the uncertainties
into account, this result indicates that the sdB rotates as a solid-body in the Feige 48 system.
In a second step, the transition between the two layers can vary from 0.1 to 1.0 R
∗
, while
the structural parameters are fixed to their optimal values. The surface rotation is fixed to
the value of 32,500 s, and the core rotation period Pcore can vary, as shown in Fig. 2 (left),
from 5,000 to 45,000 s. All the merit functions are shown in Fig. 2, with a color scale
in logarithmic units. The optimal core rotation period Pcore (continuous white line) is not
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Figure 2: Seismic internal rotation profile of the sdB star in Feige 48 (left; Porb = 9.024 h) and PG
1336−018 (right; Porb = 2.424 h). This S2 map (on a logarithmic scale) shows the quality of fit to the
observed pulsation periods as a function of the parameters Pcore and RS/R∗. The continuous white line
indicates the minima of the merit function. The white dot-dashed vertical lines indicates the orbital period.
White dotted-line contours indicates the 1-σ, 2-σ et 3-σ confidence level relative to the best-fit solution.
The transitions between the H-rich envelope and the radiative He core; and between the radiative He core
and the convective C-O-He core are also indicated.
significantly different from the surface rotation period (equals to the orbital period, vertical
dot-dashed line) in the most part of the star: the sdB component in the Feige 48 system
is tidally locked, from the surface down to ∼ 0.22 R
∗
at least. The blue valley enlarges
significantly under this limit, which translates the insensitivity of the p-modes to these deep
regions.
The same exercise is carried out with the 25 pulsation periods in the frequency spectrum of
the sdB star in the PG 1336−018 system (Kilkenny et al. 2003). Details on the asteroseismic
analysis is reported in Charpinet et al. (2008), and the internal rotation profile is shown in
Fig. 2 (right). The sdB star is also tidally locked, down to ∼ 0.55 R
∗
at least. Again, the
dynamics of deeper regions (under the H-rich envelope much thinner in this case compared
to the envelope of Feige 48), cannot be probed by the p-modes in action here.
Conclusion
We have demonstrated, for the first time by asteroseismic means, that spin-orbit synchronism
is reached in the most part of two short-period pulsating sdB stars residing in close binary
systems, namely Feige 48 and PG 1336−018. Both stars rotate as solid bodies with periods
equal to their orbital periods from the surface down to at least ∼ 0.22 and 0.55 of their
radius, respectively. The rotation of deeper layers cannot be inferred with the type of modes
observed in short-period pulsating sdB stars. This observed synchronization as a function
of depth, achieved within ∼ 1.5×108 yr (the lifetime of a sdB star on the EHB), could
provide constraints for tidal evolution theories, concerning particularly the angular momentum
transport from the surface to the center. In a next step, the dynamics of deeper regions in sdB
stars residing in binaries could be probed, in principle, by the g-modes observed in long-period
pulsating sdB stars.
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DISCUSSION
Shibahashi: I am wondering how one can distinguish clearly intrinsic pulsation signal of a star from
influence coming from its companion, such as the reflection effect? Is there any possibility of such
contamination?
Van Grootel: A reflection effect can only possibly be detected with a main sequence companion, and
it is indeed observed in the light curve of PG 1336−018 (see Kilkenny et al. 2003). One can also
possibly observe an ellipsoidal deformation of the sdB star in the case of very close systems with massive
companions. Such contamination effects have very different timescales than the pulsations in short-period
sdB stars (80 − 600 s), and therefore it is easy to separate them. In the case of PG 1336−018, the
reflection effect has been removed from the light curve before the Fourier analysis to extract pulsation
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Abstract
Kepler is a NASA mission, scheduled for launch in April 2009, whose principal purpose is to
investigate extra-solar planetary systems, through the detection of planetary transits across
their parent star. An important goal is to determine the prevalence of Earth-size planets
in Earth-like orbits. The required photometric precision also makes the mission very well-
suited for asteroseismology, with the important purpose of characterizing the central stars in
planetary systems. An extensive asteroseismic programme is planned for Kepler, organized in
an international collaboration in the Kepler Asteroseismic Science Consortium.
Introduction
Kepler is a NASA Discovery mission to characterize extra-solar planetary systems using the
transit technique. The mission requirements on photometric precision and mission duration
ensure that a planet of the size of the Earth can be detected in a one-year orbit around a star
like the Sun. In fact, substantial emphasis is placed on obtaining statistics on the number
of planets of a nature conducive to the development of life, in the habitable zones around
their central stars (Borucki et al. 2007). Kepler will carry out high-precision photometry,
at better than 20 parts per million averaged over 6.5 hours at V = 12, of approximately
170,000 stars in a field covering around 105 square degrees in the region of Cygnus and Lyra,
observing them nearly continuously for the duration of the mission, at least 3 1/2 yr. The
data will be transmitted to the ground in the form of small images centred on each target,
such that the detailed photometry can be optimized on the ground. Most of the stars will
be observed with a 30-min cadence. However, at any given time 512 stars will be observed
with a cadence of 1 minute, allowing detailed characterization of transits in already detected
planetary systems and, of relevance to the present note, observations of short-period stellar
pulsations. Kepler is scheduled for launch in April 2009, into a solar orbit trailing the Earth,
similar to the Spitzer orbit. Thus the increasing distance to the Earth will impose some
limitations on the data rate in a possible extended mission. Further details on the mission
and its development status are provided by Borucki et al. (2008) as well as on the Kepler
website: http://kepler.nasa.gov/.
The high photometric precision of Kepler will yield exquisite data for asteroseismology.
Solar-like oscillations of main sequence stars will be observable in stars down to magnitude 12,
while data of unprecedented quality are expected for other types of variable stars. This includes
the very large sample of stars, including red giants showing solar-like oscillations, which can
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be observed with the 30-min cadence. This is the basis for the establishment of the Kepler
Asteroseismic Investigation (KAI) through a Letter of Direction from the Science Principal
Investigator Borucki to the asteroseismic community. A central goal of the KAI is to use
asteroseismology to characterize central stars in planetary systems detected by Kepler. An
important characteristic of the star, which can be constrained with asteroseismology, is the
stellar radius which is required to infer the radii of planets from the magnitude of the light
curve dip they cause in transit. Furthermore, the asteroseismic analysis is expected to provide
information about the evolutionary state and hence age of the stars, of importance to the
understanding of the evolution of planetary systems. However, the Kepler asteroseismic data
will also allow detailed investigations of the internal properties of a broad sample of stars;
also, it will provide information about stellar rotation, including the inclination of the rotation
axis and the rotation of stellar interiors, and it may reveal frequency changes associated with
stellar cycles. Thus the mission will provide major contributions to our understanding of the
structure, dynamics and evolution of stars, including the physics of stellar interiors.
The Kepler Asteroseismic Investigation will be based at the Kepler Asteroseismic Science
Operations Centre (KASOC) which is being established at the University of Aarhus, and
which will distribute the asteroseismic data after receiving it from the Kepler Data Archive.
To ensure the full utilization of the Kepler data, the Kepler Asteroseismic Science Consortium
(KASC) has been set up. KASC is open to any interested scientist, and membership of KASC
provides access to all data made available through KASOC.
Christensen-Dalsgaard et al. (2007) gave an introduction to the Kepler mission and the
asteroseismic investigation. Here we provide further details on the organization of the KAI
and the expected results. Additional information can be found on the KASC home page:
http://astro.phys.au.dk/KASC. This includes DASC/KASOC reports which are referred
to in the following.
Targets for Kepler asteroseismology
The operations schedule of Kepler allows upload of new target lists every three months, when
the spacecraft is rolled to realign the solar cells towards the Sun. Each target will be observed
for at least one month; however, in many cases it is probably advantageous to observe a target
for the full duration of the mission. Also, a careful selection of targets is obviously needed to
optimize the use of the 1-min cadence targets. According to the Letter of Direction, the KAI
can use all 512 1-min slots in the initial phase of the mission. Later some of these slots will be
allocated to planet-transit investigations, but throughout the mission the KAI can choose at
least 140 1-min targets. Asteroseismic analysis, to determine basic stellar parameters, will in
addition be carried out at KASOC for selected stars where planetary systems are discovered
by Kepler. Furthermore, the KAI can choose of the order of 1000 long-cadence targets, and
an additional 1000 red giants, chosen as astrometric references and observed at the long
cadence, will also be available for asteroseismology.
The target selection has been broadly divided into two phases. During the first three roll
periods (i.e., the first 270 days of the mission) the asteroseismic observations will predom-
inantly concentrate on survey targets, typically observed for one month each and selected
to provide broad coverage of the possible targets. These targets will be used to characterize
the properties of the mission and, in particular, the properties of stellar pulsations observed
at an unprecedented level of precision. The results of this survey will then be used to select
specific targets which will be observed for extended periods, in many cases probably over the
remainder of the mission, and carefully selected to optimize the scientific return of the KAI.
The initial target selection was carried out in the autumn of 2008, through a call for target
proposals within the KASC, to provide a list of targets well before the launch. Details on the
target-selection procedure are available in the report DASC/KASOC/0006.
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The target selection obviously requires as much information as possible about the
stars in the Kepler field. These issues were discussed at the 2nd KASC Workshop
in Aarhus in June 2008. The presentations from the workshop can be consulted at
http://astro.phys.au.dk/KASC/kasc2/Report.htm. An important background for the se-
lection of both planet-search and asteroseismic targets is the Kepler Input Catalogue (KIC;
for brief presentations, see Latham et al. 2005; Brown et al. 2005). This is based on ded-
icated five-colour photometry of a huge number of stars in the Kepler field, backed up by
spectroscopy of selected stars, and combined with data from other catalogues, in particu-
lar the Two Micron All Sky Survey (2MASS). The data are analyzed to produce estimates
of effective temperature, gravity, composition, reddening and distance. In addition, dedi-
cated observations have been carried out for potential solar-like asteroseismic Kepler targets
(Molenda-Z˙akowicz et al. 2007, 2008).
It is evident that surveys of stellar variability in the Kepler field may play an impor-
tant role in identifying potential targets. This can be based on existing surveys that in-
clude the field or dedicated surveys specifically aimed at supporting the target selection
(e.g., Pigulski et al. 2008). As discussed at the 2nd KASC Workshop extensive efforts are un-
der way to characterize the populations in the Kepler Field of particularly interesting targets,
such as white dwarfs, subdwarf-B variables and rapidly oscillating Ap stars. A tool for auto-
mated classification of variable stars, developed by Debosscher et al. (2007), will undoubtedly
be crucial for the proper identification of the different types of variables in such surveys. For
example, Blomme and collaborators are applying the technique to a major survey of stars
in the Kepler field. To support the target selection simulations of the expected behaviour
of, in particular, solar-like oscillations are also very important. This is being organized in
the AsteroFLAG collaboration (Chaplin et al. 2008a, 2008b), a major international collabo-
ration to test procedures for asteroseismic data analysis. A detailed characterization of the
expected properties of various seismic parameters from such simulations was presented by
Chaplin et al. (2008c).
The KAI pipelines
The original Kepler data are archived at the Data Management Center/Kepler Data Archive
(DMC) at the Space Telescope Science Institute. From there the data are transferred to the
KASOC after a transit-removal filtering (see below) to be made available to the KASC. The
KASOC data-analysis pipeline will produce data at different levels, available to the KASC
in the KASOC archive, including the original filtered time series, Fourier and power spectra,
as well as oscillation characteristics and individual frequencies. In addition, the KASOC will
contain a data-interpretation pipeline to determine global characteristics of the stars, based
on the frequencies and other available information, including data from the Kepler Input
Catalogue.
It has been a condition for the open data policy within KASC that the data made available
should not be usable for searching for planet transits. Thus a procedure has been developed
to filter the short-cadence time series in such a way that information about possible planets,
in transit or seen in reflected light, is removed. The procedure was illustrated in detail by
Kjeldsen & Arentoft (2008). Briefly, the Transit Removal Filter (TRF) involves the following
steps:
1. The first part is a search for single transit signals using a match-filter algorithm. Any
signals that are transit-like will be removed by fitting a model transit curve and subtract
the model from the data.
2. After the large transits are located and removed the TRF process performs a search for
coherent oscillations below a defined threshold frequency of 160 μHz (corresponding
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to a period of 1.7 hours, as required for removing the shortest known transit). The
frequencies for those oscillations are located and stored.
3. Based on the position of those coherent modes the TRF determines the frequency
areas below the threshold frequency, in the vicinity of the identified frequencies, that
are affected by the oscillations, as a fixed fraction (typically a total of 10%) of the
frequency region below the threshold. No frequencies above the threshold are affected
by the TRF process.
4. The Fourier components for the remaining part (e.g., 90%) of the frequency region
below the threshold are then calculated and all phases for those frequencies are ran-
domized.
5. The data are then regenerated from the randomized Fourier components by use of the
inverse Fourier transformation.
The result of this process is a set of data where: (a) No strong transits are present. (b) Any
weak transits are effectively destroyed by the Fourier phase randomization. (c) No oscillations
and noise background are being modified for frequencies above 160 microHz. (d) Below
160 μHz all strong modes (and their surroundings in the power spectrum) are untouched.
(e) The phases in the background between oscillations below 160 μHz are being destroyed
effectively, however the background power level is unchanged. Analysis in the power spectrum
is not affected by the TRF process.
Tests based on both artificial and real data have shown that this procedure has little influ-
ence on the use of the data for asteroseismology, while effectively suppressing the information
about transits.
Concluding remarks
The Kepler mission offers unprecedented possibilities for surveying stellar variability to a very
high level of sensitivity, as well as to probe stellar internal properties and hence advance our
understanding of stellar structure and evolution. The realization of these possibilities will
require concerted efforts by the broad international community. We hope that as many as
possible will join the Kepler Asteroseismic Science Consortium and contribute to the utilization
of this spectacular resource.
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Abstract
BRITE-Constellation, a project developed since 2003 by researchers∗ at Canadian and Aus-
trian Universities presently consists of UniBRITE and BRITE-Austria/TUG-SAT1, which are
two 20 cm cube nanosatellites. Each will fly a 30mm aperture telescope with a CCD camera
equipped with either a red (550 to 700 nm) or a blue (390 to 460 nm) filter, to perform
high-precision two-color photometry of the brightest stars in the sky (≤ 4th mag) for up to
several years. Stars of up to two magnitudes fainter will be observed simultaneously with
reduced accuracy in an on-board photometric mode. Depending on the orbit and the position
of the BRITE targets the photometry can be obtained contiguously during many orbits for
many months, with gaps during individual orbits, or only for certain periods of the year.
The primary science goals are studies of massive and luminous stars in our neighbourhood,
representing objects which dominate the ecology of our Universe, and of evolved stars (giants)
to probe the future development of our Sun. The wide field cameras (24◦) will also obtain data
from other scientifically interesting stars to investigate their stellar structure and evolution.
All of this is enabled by innovative technology currently developed in collaboration between
Canada and Austria. A launch of UniBRITE and BRITE-Austria in 2009 is envisioned and
an expansion proposal of the BRITE-Constellation by two additional spacecrafts of the same
construction, to be funded by the Canadian Space Agency (CSA), is currently under review.
A comprehensive description of scientific and technical aspects of BRITE-Constellation
is being prepared for publication in Communications in Asteroseismology. The BRITE-
Constellation web site can be found at www.brite-constellation.at. A first Announcement
of Opportunity for submitting BRITE-Constellation observing proposals was issued at
http://ams.astro.univie.ac.at/BRITE AO/BRITE AO.html
Acknowledgments. This project is currently funded by the University of Vienna and the Aus-
trian Science Promotion Agency (FFG-ARL). Substantial in-kind contributions come from the
Canadian Space Agency (CSA) and the Natural Sciences and Engineering Research Council
(NSERC) of Canada.
∗British Columbia: J. Matthews; Graz: B. Josseck, O. Kudelka, M. Unterberger; Montre`al: A.
Moffat; Toronto: C. Grant, M. van Kerkwijk, S. Mochnacki, S. Rucinski, J. Percy, R. Zee; Vienna: M.
Breger, M. Fischer, G. Handler, N. Nesvacil, A. Kaiser, R. Kuschnig, T. Lu¨ftinger, A. Scholtz, W.W.
Weiss, K. Zwintz
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
PLATO: PLAnetary Transits and Oscillations of stars
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Abstract
PLATO is a preselected candidate mission for the Cosmic Vision programme 2015–2025 if the
European Space Agency. If ultimately selected (decision end 2011), it will be launched in the
2017/2018 timeframe. The mission was designed to answer the question: How do planetary
systems form and evolve?, i.e., it aims to reach a serious improvement in our understanding
of the formation and evolution of planets and planetary systems, including systems with
Earth-like planets in the “habitable zone”.
PLATO will detect and fully characterise planetary systems by long duration (3 year),
short cadence (30 sec) uninterrupted photometric monitoring of ≈100,000 bright stars of all
spectral types, using the signature of transits of planets in front of their parent stars, seismic
interpretation of the oscillation frequencies of the parent stars, ground-based high resolution
spectroscopy and interferometry, and data from the ESA mission Gaia. The primary targets
of PLATO are bright stars (mV ≤ 11). In addition, PLATO will also perform an extensive
survey of planetary transits in front of ≈400,000 stars down to mV = 14. Two long runs of
three, respectively two years on primary target fields will be performed. The two long runs will
be followed by a set of shorter ones (of a few months each) on different target fields, either
to revisit and confirm planetary transit candidates of the long runs or to study population II
stars as well as stars in open clusters, with the goal to improve stellar evolution models.
The present talk is presented by various members of the PLATO science study team of
ESA; it will be published only once in Catala et al., CoAst, volume 158 to which we refer for
further information.
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Abstract
SONG is a Danish-led initiative to construct a global network of 1m telescopes devoted
to carrying out time-series observations for asteroseismology and to search for extra-solar
planets. To pursue these goals the telescopes of the network will be equipped with a high-
resolution spectrograph for measuring very precise radial velocities, and with a CCD camera
for carrying out photometry of microlensing events observed towards the Galactic Bulge.
Currently, funding has been obtained for construction of a full prototype network node. In
this contribution we shall describe the current status of the project, and the instrumental
setup as well as the software code needed for measuring precise radial velocities through the
use of an iodine cell as velocity reference.
Network – brief overview and ongoing work
SONG is a project to build a global network of telescopes which are designed to address
two primary science goals: 1) to carry out asteroseismology through long, uninterrupted,
time-series velocity measurements and 2) to search for low–mass extra–solar planets through
photometric observations of microlensing events towards the Galactic Bulge. Briefly put,
SONG will be a facility dedicated to studying phenomena occurring in the time domain. The
project was initiated in 2006 (see Grundahl et al. 2007 and Grundahl 2008). Jørgensen
(2008) gives an overview of the microlensing aspects of SONG.
In order to obtain the needed, long, time-series data from the ground, it is necessary to
have a network of telescopes. Currently our work is focusing on the design and construction
of a prototype node for such a network.
Ultimately, the network should consist of 8 identical nodes distributed in longitude and
latitude to provide full sky and time coverage. At each network node a 1m telescope will
feed light to a high-resolution spectrograph and an imaging CCD camera located at a Coude´
focus. In addition, the focal plane will have a port for future auxiliary instrumentation. All
instruments and computers will be located in a temperature-controlled container (inspired by
the GONG project); this will lead to a more stable environment than a dome can provide.
In the focal–plane assembly, optical field de-rotation and atmospheric dispersion correction
(ADC) will be provided, as well as calibration lamps, filters and shutters. As part of the design,
space wil be available to add a second, identical, CCD camera to the focal plane, such that
dual-colour imaging becomes possible.
The spectrograph has been designed by Paolo Spano` (INAF-Brera) and it resembles closely
the principles behind modern high-resolution spectrographs, such as UVES, HARPS and
SARG. The standard working resolution will be 100,000 but several slitwidths will be available.
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During the past year significant progress has been achieved for the SONG project. The
most important news is that funding has been secured for the development of a prototype
network node, including hardware and software for control and automated data-reduction.
It is worth to mention here that the project acronym SONG, originally for Stellar Os-
cillations Network group, now stands for Stellar Observations Network Group, in order to
emphasize that the main focus will be stars and not only the study of stellar oscillations.
Spectrograph design
For the asteroseismic observations precise radial velocities are to be extracted from the spec-
troscopic time-series observations. SONG will employ an iodine cell as velocity reference. In
order to exploit this to its fullest during data reduction, it is necessary to model the spectro-
graph point-spread-function to high accuracy. To make this feasible it is highly recommended
that the PSF is as uniform as possible across the CCD which makes the PSF modelling less
complex. Thus, a very uniform PSF is one of the design goals for the spectrograph.
The experience from HARPS and UVES is that high spectral resolution is needed for the
most precise velocities. We have therefore designed the spectrograph for a working resolution
of ∼ 100, 000.
A measure of the image quality for the spectrograph is the diameter of the spot size as a
function of wavelength and position on the CCD. Across the 2K × 2K pixels of the detector
the 80% encircled-energy diameter varies between 5 and 7 microns – the spectrograph camera
is essentially diffraction-limited with very little PSF variation.
The wavelength coverage will be from 4800–6800A˚, with some wavelength gaps between
the reddest orders. In order to make it possible to access all wavelengths in the 4800-6800A˚
interval, a mechanism to tilt the grating will be included in the design.
Since the operating wavelength range for the spectrograph is limited to a ∼2000A˚ interval
it is possible to use highly optimized coatings on all surfaces which helps to produce a very
high efficiency. Our calculations show that the spectrograph efficiency at blaze centres will
be in excess of 50% (this figure does not include atmosphere, telescope and slit losses and
CCD efficiency).
Iodine data-reduction software
As mentioned previously the SONG spectrograph will be used to obtain very precise radial
velocities; our aim is to reach a precision better than 1m/s per minute of observations for
the brightest (V ≈ 0) stars. To reach this goal an iodine gas cell will be inserted in front of
the spectrograph slit to imprint the iodine absorption spectrum on the stellar spectrum.
In our calculations of the velocity precision we can achieve, we have assumed that
our velocity extraction code performs to the same level of precision as achieved by But-
ler et al. (2004), in observations of α Cen A with UVES at the ESO VLT. Consequently we
have started the development of an iodine code for the SONG data reduction pipeline.
Our software is developed in IDL (Interactive Data Language) and the approach is to fol-
low the procedures described in the papers by Butler et al. (1996) and Valenti et al. (1995).
For extraction of the observed spectra we use the REDUCE package developed by
Piskunov & Valenti (2002). We model the observed star+iodine spectrum as the convolu-
tion of the spectrograph point-spread-function (PSF) with the product of a stellar template
and the iodine absorption spectrum.
For testing the performance of our developed software we used the α Cen A dataset ob-
tained by Butler et al. (2004) which is available through the ESO archive. Our reductions
started from the raw data in order to “mimic” the full process of data reduction and velocity
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Figure 1: Illustration of the modelling process for spectra obtained through an iodine cell. The upper
panel shows the spectrum of the iodine template used for the reductions. The next panel shows the (de-
convolved) stellar template constructed from observations of α Cen A without the iodine cell in the beam.
The third panel from the top shows the stellar spectrum, observed through the iodine cell (full curve),
with the modelled spectrum overplotted as filled black circles. The lower plot shows the observed minus
calculated spectrum and the rms dispersion of the residuals.
extraction. Furthermore, T. Bedding (private comm.) has made the velocities extracted by
Butler et al. (2004) available to us, thereby allowing a direct comparison of results.
In order to construct the template for the observed star we used the Jansson deconvolution
algorithm (Jansson 1984), also used by Butler et al. Instead of the original Jansson algorithm
we used the updated version of Crilly et al. (2002) which has a faster convergence.
Our test sample consisted of 688 images obtained with UVES in its highest resolution
mode (0.′′3 slit, R∼ 110, 000). Each spectrum was divided into 774 chunks of 91 pixels
each, and for each of these we modelled the observations and the PSF, including a velocity
shift of the star. The final velocity of the star is then obtained as a robust average of all
chunks; various schemes of weighting can be applied to improve the precision. For the results
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Figure 2: Comparison of measured velocities based on our code (black line with small dots) and (grey
points) the velocities from Butler et al. (1996). Note that both reductions clearly show the oscillations of
α Cen A.
Figure 3: Comparison of amplitude spectra based on our velocities (filled grey ”background” curve) and
those of Butler et al. (1996) (black curve). We used the exact same data and thus the only differences
arise from differences in the derived velocities.
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presented here each chunk was weighted by the dispersion in the 688-point time series. The
typical error in the modelling of a chunk is about 0.4% but varies somewhat with position
on the CCD, the best modelled chunks show residuals (observed - calculated) below 0.3%.
For the best chunks the measured rms dispersion, in the 688 point time series, was in the
8-10m/s range. The modelling process is illustrated in Fig. 1 (in a similar way to that of
Fig. 1 in Butler et al. (1996)).
Figure 2 presents a comparison between the velocity curve obtained by us and by
Butler et al. (1996). It is evident that the agreement is very good and that both time-strings
show, directly, the oscillations of α CenA. The figure only shows a quarter of the available
data to avoid overcrowding the plot, the rest of the curve shows a similarly good agreement.
A quantitative comparison is given below.
We have measured the velocity precision by constructing the amplitude spectrum of the
time string, as shown in Fig. 3. At high frequencies (4.5-10mHz) we measured the rms scatter
and converted this into a typical precision, per point. For the data from Butler et al. (2004)
we find a precision of 71 cm/s and for our reductions a precision of 77 cm/s is found.
This exercise shows that the data-reduction code in its current state is capable of reaching
1m/s for data of high quality. It is important to note that we have not yet carried out tests
of the accuracy of the code and the results presented here are for the precision. We expect
that more work on the modelling of the PSF, and improvement of the weighting of chunks
could lead to further improvement in the velocity precision.
The code is still under development and as such is not suited for use by others. We will,
however, make it publicly available once it is in a more final state, and after subjecting it to
further testing.
Project outlook
Currently (autumn 2008) the main focus for the SONG project is to establish a prototype
network node. The work towards this goal is divided into several (overlapping) phases:
• 2008: finish optical design and place orders for all the major components (telescope,
optics etc.)
• 2009: complete detailed mechanical design, start construction of instruments, devel-
opment of control software.
• 2010: assembly, integration and test of instruments, first light for telescope.
• 2011: extended test of robotic observations and completion of the prototype develop-
ment phase.
During this period of time, the setup of a broad consortium to develop the full network
by ∼ 2014 will also be initiated.
Acknowledgments. The group behind SONG gratefully acknowledges the substantial grant
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Research Council and Instrument centre for Danish Astronomy (IDA) is also gratefully ac-
knowledged. FG wishes to thank G. Marcy for encouragement and helpful advice on the
development of the iodine code.
278 Stellar Observations Network Group
References
Butler, R. P., Marcy, G. W., Williams, E., et al. 1996, PASP, 108, 500
Butler, R. P., Bedding, T. R., Kjeldsen, H., et al. 2004, AJ, 600, L75
Crilly, P. B., Bernardi, A., Jansson, P. A., & Borges da Silva, L. E. 2002, ITIM, 51, 6, 1142
Grundahl, F., Kjeldsen, H., Christensen-Dalsgaard, J., et al. 2007, CoAst, 150, 300
Grundahl, F., 2008 in proceedings of Precision Spectroscopy in Astrophysics. Edited by Santos, N. C.,
Pasquini, L., Correia, A. C. M. & Romaniello, M. p.231
Jansson, P. A. 1984, Deconvolution With Applications in Spectroscopy (New York, Academic)
Jørgensen, U. G. 2008, PhyS, T130, 014008
Piskunov, N., & Valenti, J. A. 2002, A&A, 385, 1095
Valenti, J. A., Butler, R. P., & Marcy, G. W. 1995, PASP, 107, 966
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
Conference Summary: Interpretations of Asteroseismic Data
J. Guzik
X-2 MS T-086, Los Alamos National Laboratory, Los Alamos, NM 87545 USA
Abstract
My goals in this summary are to give my personal impressions, highlight significant develop-
ments, and list some of the remaining puzzles and challenges in asteroseismology as presented
at this conference. I do not review future space- and ground-based observing programs dis-
cussed in the final morning session, but I was encouraged by the data that these promise to
return in the near term that will keep asteroseismology an exciting research field for years to
come.
Reviews and Tutorials
The meeting began with an introductory talk by Oskar von der Lu¨he about the con-
ference’s major sponsor, HELAS, the European Helio and Asteroseismology Network
(http://www.helas-eu.org). We learned about their history, about their last-minute suc-
cessful bid for funding as a “Coordination Action” under the European Commission’s Sixth
Framework Program, and the work of HELAS in sponsoring meetings, including those at
Sheffield, Nice, Vienna, Porto, Go¨ttingen, La Palma, and Freiburg, and in supporting up-
coming space missions SDO, COROT, PICARD, Kepler, the Solar Orbiter, and PLATO. This
program cannot exist as a Coordination Action beyond 2010, and needs to transition to an
Integrated Research Infrastructure with new funding sources. Ideas and assistance in making
this transition are welcome!
The review talks were outstanding, and I wish that we could document them for an
asteroseismology course or textbook. It will be worth your time to read the proceedings
papers for these talks, even though the space allotted is too short to convey all of the
information.
Marc-Antoine Dupret discussed the history and implementation of convection treatments
in stellar models, including time-dependence, overshooting, semi-convection, nonlocal treat-
ments, 1D, 2D and 3D simulations, and also managed to cover the history of microscopic
diffusion and transport processes, and rotation, including differential rotation, and touch on B
fields, all in one 40-minute introductory talk! M. Jerzykiewiecz gave the history of extracting
frequencies from sparse data using Fourier analysis and prewhitening and window functions,
starting from 1934, but concluded in the end that “if the data is ok, any method of anal-
ysis will do!” S.O. Kepler discussed the basics of ground-based multisite photometric data
reduction. Conny Aerts gave the history of discovery of line profile variability. G. Handler
discussed photometric mode identification, and John Telting discussed spectroscopic mode
identification. S. Jeffery gave us a tour of the HR diagram and stellar evolution, highlighting
the physical processes that could be probed by asteroseismology at each stage. Shibahashi
showed us how to solve the wave propagation and pulsation equations including magnetic
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fields, including rotation as a perturbation. Samadi reviewed stochastic excitation of oscil-
lations and mode lifetime predictions. Houdek discussed pulsation-convection interactions,
the importance of turbulent pressure, and their role in determining instability strip edges and
mode properties for solar-like and red giant oscillations. Zahn outlined the observational evi-
dence necessitating extra mixing (outside of convective regions), and discussed the causes of
mixing (rotation, diffusion, and angular momentum transport by waves) and implementation
in model calculations.
Data Analysis Techniques
We heard about several techniques, such as a trend filtering algorithm, variable sine algorith-
mic analysis, Bayesian inference techniques, and Markov Chain Monte Carlo techniques used
for extracting frequencies and for rigorous error analysis. As Brewer commented in his ex-
cellent explanation of Bayesian techniques, we must find “an intermediate between believing
theoreticians and ignoring them.” We want to caution the observers, though, not to trust
stellar model predictions as a guide to signals (period spacings, frequency ranges, etc.) that
you expect to find. You might otherwise smooth over or filter out a new discovery that the
theorists didn’t foresee. If you do process data in this way, at the least list the assumptions
and processing steps, even if they are obvious to you and most observers; the modelers or the-
orists may not be familiar with them nor understand the implications. Please make available
your raw data as well, so that modelers/theorists can gain an appreciation and understanding
of your processing.
Some Interesting, Surprising, or Significant Results
The following section lists some discoveries that I found significant or surprising.
Dupret’s review mentioned difficulties in convection models with higher fidelity than the
mixing-length theory, in particular developing closure criteria for the equations. He said that
there is a 30% uncertainty in microscopic diffusion coefficients due to collective effects that
become important when the thermal energy is about the same order as the Coulomb energy.
Could these effects be included in improved methods? He said that some of the 3D models
including large eddy simulations by, e.g., Browning et al. have unrealistically small Reynolds
numbers; why does this occur, and how useful are these models at present for understanding
stars?
Kepler noted that we now have a few stars other than the sun with many modes, e.g.,
79 modes for FG Vir, a main sequence δ Sct star, and 198 for the white dwarf PG 1159.
Period changes can in principle be used to measure core composition and cooling rates in
white dwarfs; Kepler measured the 2nd-order period change for one white dwarf of one part
in 1020; I wonder whether I should believe this number, and whether anything has ever been
measured so precisely!
Soszyn´ski discussed OGLE III survey results, and said that five triple-mode Cepheid pul-
sators have been detected (are these explained by models?). This survey identified fourteen
separate sequences in the red giant Luminosity vs. Period diagram–do these correspond to
different overtones, metallicities, or nonradial modes, or all of the above? Techniques for
automated classification and period searching are being developed to process the one million
variable stars they expect to find.
Kolenberg and Tsantilas discussed a variable sine algorithmic analysis technique that looks
promising when there is an unknown physical mechanism causing a mode to change its period,
amplitude or phase over time. They applied this technique to the Blazhko effect variations
in RR Lyrae. Could this method be used to gain insight on variability caused by solar-like
magnetic cycles?
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Breger et al. reported that, for δ Sct stars, nonradial modes tend to cluster near the radial
ones, as would be expected if driving is correlated with mode kinetic energy (mode trapping).
Guenther reported that there is now agreement that Procyon shows p-modes, but there
is as yet no agreement between research groups on the exact frequencies. E. Michel reported
that pulsation amplitudes of sunlike stars studied by COROT are, for some reason, 25% lower
than theoretical estimates.
Gutie´rrez-Soto et al. reported COROT detection of pulsations in Be stars (rapidly rotating
B stars showing H emission lines), and that they are trying to understand origin of their
circumstellar disks in terms of pulsations.
Kova´cs said that the incidence of field variable stars with significant Fourier spectra and
>0.5 mmag amplitudes is only 5%. This conclusion came as a shock, since most of us, after
attending so many variable star meetings and seeing the HR diagram filling out with variable
star types, were beginning to believe that all stars are variable!
It was pointed out by Christensen-Dalsgaard and others in the discussions that one can
constrain surface convection parameters with photometric color variations, and constrain deep
convection parameters with instability strip edges if the driving is sensitive to that region, as
is the case for γ Dor stars.
I learned from Handler that we can choose photometric filters to optimize ability to do
photometric mode identification. I wondered whether we should be inventing new photometric
filter systems for different types of variable star pulsations, as mode ID is so important for
asteroseismic interpretations.
Samadi pointed out something that is obvious if one thinks about it: For lower Z, there
are lower mode excitation rates due to higher stellar surface density. Mathis showed that
there should be a bias in mode excitation introduced by the Coriolis force, and an asymmetry
between prograde and retrograde modes for g-modes. Can we find evidence for this bias in
observations?
Montalban pointed out that, at fixed Z, with the new AGS05 (Asplund, Grevesse and
Sauval) abundances, Fe is increased by 20%, since CNO abundances are significantly lower,
and opacities actually increase. A new abundance mixture would change the theoretical
instability strip boundaries for main sequence B stars. Could we test for different abundance
mixtures by locating these edges and comparing with predictions?
Smolec revisited double-mode Cepheid models; he found that double-mode behavior dis-
appears if buoyant forces are included in convectively stable regions, reopening the question
of how to explain these stars.
Grevesse noted that non-local thermodynamics equilibrium (NLTE) effects, rather than
the inclusion of three-dimensional model atmospheres, was the largest contributor to the
oxygen abundance reduction in the AGS05 solar mixture. He speculated that a revised NLTE
treatment would change the O abundance to 8.7 dex, intermediate between the old 8.8 and
new 8.6 dex values.
Charpinet said that, to explain the driving of sub-dwarf B (sdB) stars, localized Fe en-
hancements of a factor of 12 due to gravitational settling and radiative levitation are needed.
This abundance profile develops over time; instabilities appear after 105 y, fully set in at
106 y, and abundance profile equililbrium is reached by 2×108 y. It may be possible to use
pulsation mode properties to gauge the evolutionary stage and approach to equilibrium as
profile develops.
Fontaine discussed a new type of variable, the Hot DQ stars, and speculated that roAp
stars could be their main sequence progenitors. These stars have effective temperatures of
18,000-23,000 K, between the DAV and DBV variables, and have megagauss magnetic fields
and a carbon-dominated atmosphere.
Randall noted that for sdB stars one usually doesn’t need mode identification to find a
fit to the frequencies and determine mass, but for the brightest sdB, PG 1047, the mass is
ambiguous, and an effort is underway to obtain mode IDs (fortunately it is the brightest sdB!)
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Zahn explained that rotational mixing alone doesn’t transport angular momentum, and
that internal gravity waves are also needed. Talon and Charbonnel can match the observed
Li abundance for stars and the sun, and can explain the slow rotation of the sun’s interior,
by including these gravity waves.
Mathis found that angular momentum is extracted for retrograde waves that are less
damped, and is deposited for prograde waves that are damped more. Lee said that almost
all retrograde g-modes are found stable theoretically. Does this conclusion hold up observa-
tionally?
Lignie`res applied acoustic ray dynamics and quantum chaos methods to rapidly rotat-
ing polytropic models. The theory introduces island modes and chaotic modes, a regular
frequency patten with an irregular one superimposed. This additional or distorted mode
spectrum occurs even for rotation rate 12% of breakup. The island modes are most ob-
servable for stars seen pole-on. Should we expect to see such frequency patterns in many
of the stars that we have already observed? How will these effects complicate our mode
identification and interpretations?
In Shibahashi’s tutorial on including B fields and perturbative rotation in stellar models,
we learned that B fields make the pulsation equations of 8th order! Damping due to B
fields explains the lack of δ Scuti pulsations in roAp stars. Shibahashi showed that different
lines are formed at different surface layers, with possibly different abundances. Standing as
well as running waves can be observed in line profile variations. He emphasized that depth
dependence is needed in line profile variability analysis, and that this dependence could be
used to probe the 3D structure of Ap star atmospheres.
In Kochukhov’s talk, we learned of the first validation of the oblique pulsator model,
obtained by Doppler imaging of the B field at pole of a roAp star. Branda˜o discussed the
potential to constrain B-field topology from pulsations.
Jeffery gave a tour of variables in the HR diagram, and listed additional types that should
be included in the popular HR diagram created by J. Christensen-Dalsgaard: Hot DQV, sdO,
exHe, WR, LBV, and RV Tau.
Pamyatnykh used observations of β Cep and SPB stars ν Eri and 12 Lac to test over-
shooting, opacity, and rotation models. He finds that an opacity increase of a factor of 1.5
at log T ∼5.45 is needed. He also finds from rotational splittings a core rotation 5× that
of the envelope rotation. The predicted asymmetry of an =1 triplet is 4-5× smaller than
observed. If this asymmetry is produced in the outer layers, could it be explained by some
outer layers rotating faster than others?
Zwintz and Guenther found that pre-main sequence A, B, and T Tauri stars show different
spacing for =1-2 periods than their main sequence counterparts. They analyze frequencies
of candidate PMS stars, and find much better χ2 fits for PMS models than for MS models.
They also discussed HD142666 (the “devil star”), for which circumstellar dust changes the
amplitude by ∼1 mag, but pulsations at mmag are seen in the quiet phase. It is a problem
that the unlikely =3 mode fits the dominant mode best.
Van Grootel showed how one could use frequency splittings in sdB stars to constrain the
progress of spin-orbit synchronization. She found that synchronization is reached from the
surface down to 0.22 R in Feige 48, and to 0.5 R in PG 1336–018. She noted that additional
radial layers in the rotation profile, dependence on angle as well as radius, and second-order
splittings must be included to extend the analysis.
Posters
Below are a few interesting facts gleaned from an incomplete look at the posters.
Garcia noted that the signal-to-noise background was larger than expected for the four
solar-like stars observed by COROT. Bouabid reported on COROT finding a hybrid γ Dor/δ
Sct star COROT (HD 49434). Breger and Lenz show that the amplitude variations of 44
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Tau cannot be explained by resonance, mode coupling, or precession of the pulsation axis.
Castanheira compared data of 72 DAV white dwarfs with seismic models (only 12 had been
studied before), and deduced a 10−6.3±1.6 M

H layer mass and 10−2.5±0.6 M

He layer
mass, with no evidence for mass loss or accretion in the instability strip. Diago studied B and
Be stars in the LMC (Z=0.007) and SMC (Z=0.002); he found a smaller percentage of these
stars: 2.9% and 4.9% incidence of B star variability in the LMC and SMC respectively, vs. 16%
in the Milky Way; and 14.8% and 24.6% of Be stars, respectively, vs. 74% in the Milky Way.
Fontaine explored Fe radiative levitation to explain sDO star pulsations. Moskalik found that,
for the ω Cen fundamental mode RR Lyr stars, the incidence of presumed nonradial modes is
24%, twice that of the LMC, and the same as in the galactic bulge; for first overtone RR Lyr
stars, 38% show nonradial behavior. Moskalik and Kolaczkowski report detection of nonradial
modes in overtone LMC Cepheids. The´ado showed that B fields suppress convection, and
help enhance opacity-bump driving of roAp star pulsations. Zdravkov and Pamyatnykh found
that they could get hybrid SPB/β Cep stars to exist with an opacity increase of a factor of
1.5 to 2 at log T∼6.3. Stello claimed that Kepler observations will be able to determine the
radius of F to K stars based on the large frequency separation to within 1%! Sariano showed
that small frequency separations can become negative for stars at the edge of main sequence
or beginning of the supergiant branch; could this crossover be used to characterize convection
in He cores, and constrain overshooting?
Questions and Unsolved Problems
Some unsolved problems mentioned in the talks and discussions are listed here.
Regarding convection, there is the question of appropriate closure models for the turbu-
lence equations. There was some discussion on how to treat semi-convection–should one
use the Schwarschild or the Ledoux criterion (or something else)? How and when should we
include nonlocal and time-dependent convection treatments and turbulent pressure/energy?
How do we make use of 3D results in 1D codes since it is inefficient or impossible with
disparate space and timescales of different physical processes to do all modeling in 3D?
The interaction of physical processes made me wonder about energy balance and parti-
tion. Is the energy of modes conserved? How much energy is in waves, pulsation, rotation,
turbulence, magnetic fields, thermal, gravitational, potential, or radiation?
Do red giants show nonradial modes?
What causes the activity of Herbig Ae stars? These shouldn’t have chromospheres, they
have no observable B field, and the circumstellar disk is decoupled from the star; can astero-
seismology help?
What causes the Blazhko effect in RR Lyr stars? Are resonances between radial and
nonradial modes, B fields, or turbulent convection responsible?
Can we accurately determine frequencies, and not just frequency spacings, for sunlike
stars, when mode lifetimes are short?
How do we explain the hybrid γ Dor/δ Scuti pulsators? According to the theoretical
driving mechanisms, these shouldn’t exist. The deep convection zones required for γ Dor
pulsation should prevent the He-ionization κ effect from working for δ Sct pulsations.
Is there observational evidence of the predicted asymmetry in excitation between prograde
and retrograde g-modes due to Coriolis force?
Does the modeling explanation for double-mode Cepheids and RR Lyrae stars still work
when negative buoyancy forces are included in the convectively stable regions?
What are the implications, beyond helioseismology, of the AGS05 solar mixture? How
uncertain are stellar opacities, and what are the implications?
Is there a distinct separated sdO instability strip at Teff∼71,000 K? (Models are stable
at 61,000 and 81,000 K.)
Do DQV pulsators with a strong magnetic field originate from roAp stars?
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How are carbon atmosphere white dwarfs formed?
Could planets be responsible for extreme mass loss of sdB progenitors?
What are the excitation mechanisms, mode spectra, and amplitudes of gravity modes that
are critical in transporting angular momentum?
For any amount of significant rotation, should we not expect the frequency spectrum to
be variable due to quantum chaos? Have we observed this phenomenon in any stars to date?
Why do only some Ap stars pulsate?
Should we worry about the small discrepancy still existing between Cepheid pulsation and
evolution masses?
How is mass lost in the RGB phase to produce sdB stars? Is any mass lost during the
helium shell flash? (Jeffery claims that no models show any movement outside of the He/H
boundary). Is binarity required?
Impressions
At this meeting, I was impressed by the high quality of the work, and the more than in-
cremental progress exhibited. I was encouraged that both new and experienced researchers
are taking on problems that seemed overwhelming in the past, such as differential rotation,
time-dependent convection, mode identification, rigorous validation and uncertainty quan-
tification, multidimensional modeling, mode coupling, amplitudes, excitation and damping,
and magnetic fields. Many of these problems were beyond the capabilities of computational
modeling ten or twenty years ago. Specific results are now being reported for realistic models,
supported by observations.
I’ve been concerned about the effect of the internet and on-line publishing, and that we
are in danger of developing habits of superficially skimming the literature, as we do with web
news headlines. So I was pleased to see, particularly in the reviews, effort to research and
document the history of major developments, and that participants are reading the literature
carefully and building on previous work, not reinventing it.
I was impressed by the amount of high-precision data, available today and expected in the
near future, from space- and ground-based networks and surveys; I was also impressed by the
data analysis techniques and software being developed and made available to cope efficiently
with large data sets.
At this meeting we learned most about advancement of techniques, and there was some-
what less emphasis than in previous asteroseismology meetings on point results for a specific
star. It seems that we are on the verge of interpretation of the asteroseismic data.
Acknowledgments. I am grateful to the organizers for the privilege of doing this closing
summary, for all I learned at this meeting, for their warm welcome and superb organization,
and for partial financial support. I’m also grateful to all who sent highlight vugraphs from
their talks and posters, and to David Guenther for sharing some of his photos that were used
in the summary talk.
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Rho Puppis: some spectroscopic results
or ”The Taming of Rho Puppis”
V.Antoci1, N.Nesvacil1, and G. Handler1
1 Institut fu¨r Astronomie, Tu¨rkenschanzstrasse 17, A-1180 Vienna, Austria
Abstract
Basic parameters such as Teff and log g as well as the projected rotational velocity v sin i for
the Delta Scuti star Rho Puppis were redetermined, using high resolution and high S/N spectra
from the ESO Science Archive (program ID 60.A-9036(A)). The data were obtained with
the HARPS spectrograph attached to the ESO La Silla 3.6m telescope in 2006. For a
preliminary analysis of atmospheric parameters and chemical abundances we used a spectral
range between 4500 and 5800 A˚. Equivalent widths for 33 Fe I and for 8 Fe II lines were
measured. The best result for Teff is 6900 ± 150 K, corresponding to reported values in
literature (Burkhart & Coupry 1991). The surface gravity log g resulted in 3.8 ± 0.2 adjusted
from the Fe I and Fe II ionisation equilibrium. The projected rotational velocity v sin i was
found to be 14.0 ± 1.5 kms−1. For a detailed description of the procedure applied in this work
for abundance analysis and for the codes and software packages used, see Stuetz et al. (2006)
and Fossati et al. (2008) and references therein.
Rho Puppis was the target of a five night long observing run at the AAT (Anglo Australian
Telescope) in January 2008. Using UCLES, we gathered around 1200 high resolution high
S/N spectra. Preliminary analysis revealed one frequency at 7.10 c/d, which was identified
as the radial fundamental mode1 (Zima 2008), as already reported by Mathias et al. (1997).
Also significant in the frequency spectrum is the first harmonic, which clearly shows the
nonlinear behaviour of the main mode, having a very high amplitude of pulsation. There is
evidence for further pulsational frequencies in Rho Puppis, but the time base of our data set
is not long enough for more detailed frequency analyses in the Delta Scuti regime.
Rho Puppis, an evolved Fm star eponymous for a whole chemically peculiar subgroup
of the Delta Scuti stars, was selected as target for testing the theory predicting solar-like
oscillations in cool Delta Scuti stars (Houdek et al. 1999; Samadi et al. 2002). From the
observational point of view, no attempts to measure solar-like oscillations in such hot stars
have been made so far.
Individual Objects: Rho Puppis
Acknowledgments. This work was supported by the Austrian Fonds zur Fo¨rderung der
wissenschaftlichen Forschung under grant P18339-N08 and P20526-N16. Partial support for
attending the workshop was granted by HELAS and O¨FG (O¨sterreichische Forschungsgemein-
schaft).
1Mode Identification results obtained with the software package FAMIAS developed in the frame-
work of the FP6 European Action HELAS (http:/www.helas-eu.org).
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Figure 1: Preliminary results of the abundance analysis of Rho Puppis. All elements found to be under-
or overabundant with respect to the Sun (Asplund et al. 2005) are listed. Additionally, we show mean
abundances of field Delta Scuti stars computed by Fossati et al. (2008) applying the same procedure as
in this work. Compared to the overall abundance pattern of Delta Scuti stars, Rho Puppis clearly shows
enhancement of all metals. As expected for Fm stars, our target also shows a strong overabundance of
rare earth elements.
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Solar-like stars as seen by CoRoT
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France
3 LESIA, UMR8109, Universite´ Pierre et Marie Curie, Universite´ Denis Diderot, Observatoire de Paris,
92195 Meudon Cedex, France
Abstract
For more than a year, photometric high-quality data have been achieved from the CoRoT
(COnvection ROtation and Planetary Transits; Baglin et al. 2006, Michel et al. 2008) min-
isatellite developed by the French space agency (CNES) in collaboration with the Science
Program of ESA, Austria, Belgium, Brazil Germany and Spain. The power spectrum of 4 dif-
ferent solar-like stars (stars having sub-surface convective zones showing an acoustic (p) mode
spectrum) has been obtained with unprecedented quality allowing the precise study of their
seismic properties. These solar-like stars are F stars with masses in the range 1.0 to 1.4 M

and are significantly hotter than the Sun.
Individual Objects: HD49933, HD 175726, HD181420, HD 181906
Observations and Data Sets
CoRoT is a 27-cm afocal telescope producing an image of the stellar field into 4 CCDs
(composed by a matrix of 2048 x 4096 pixels). Each CCD is working on a frame transfer mode.
Two are dedicated to asteroseismology and the other two to exoplanet research. The images
on the seismo CCDs are defocused to minimize the effects of the spacecraft jitter. Thus, stellar
fluxes are measured every second with a dead time of 0.206s (sampling cycle of 79.4 %).
The data available at this moment for the studies of solar-like stars in the seismology
channel are obtained from a run of 156 days of continuous observations (where two stars
were observed) and two shorter ones of 60 and 26 days. They correspond to the stars named:
HD181420, HD181906, HD49933 and HD175726 respectively. The duty cycle achieved is, in
all the cases, above 93% with most of the data loss being a consequence of the crossing of
the South Atlantic Anomaly. The CoRoT Team hopes to reduce the amount of data loss in
a future improvement of the ground processing software. The cadence of the light curves is
1 s, regularly resampled every 32 s in the level-2 data released to the scientific community.
1The D.A.T. Team is composed of: T. Appourchaux (chairman), J. Ballot, C. Barban, F. Baudin,
O. Benomar, G. Berthomieu, P. Boumier, W. J. Chaplin, S. Deheuvels, Y. Elsworth, R. A. Garc´ıa, R.
Garrido, J.-C. Hulot, S. J. Jime´nez-Reyes, H. Kjeldsen, E. Michel, B. Mosser, J. Provost, C. Re´gulo,
I. W. Roxburgh, R. Samadi, T. Toutain and G. A. Verner
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Figure 1: Echelle diagram (top) resulting from lining up the power spectrum in chunks of the large
separation after enhancing the contrast using curvelets (Lambert et al. 2006). Bottom: Averaged echelle
diagram. A tempting peak tagging can be done from this diagram: the left ridges correspond to the l=0,
2 and the right one to the =1
Analysis and Discussion
The power spectral density of the stars with the three longest runs shows the presence of the
comb-like pattern due to the p modes excited in those stars (see Fig. 3 in Michel et al. 2008),
well above the stellar convective background. Figure 1 shows an example of an echelle diagram
for HD49933 where the two ridges (odd and even modes) are clearly visible.
To identify modes by assigning the proper , m and n label, we perform a global fitting
(see Appourchaux et al. 2008). In this fitting, all free parameters are varied and optimized
simultaneously over a large number of orders (depending on the signal-to-noise ratio of the
modes) with three modes per order (=0, 1, 2). The mode peaks are described by sym-
metric Lorentzian profiles defined by a single height fitted to all modes in each order (the
amplitude-height ratio is fixed between modes 1 and 2 compared to the 0), a single
linewidth parameter for all modes of the same order and a single splitting for all non-radial
modes of all orders. The background was modelled following a Harvey (1985) model.
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Preliminary Seismic Study of the γ Doradus COROT Target HD 49434
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Individual Objects: HD49434
HD 49434, a new challenge for asteroseismology
HD 49434 is a hot F1V γ Doradus (γ Dor) star, selected as a primary target of the
CoRoT Nov. 2007/Mar. 2008 long run. This star has been the subject of an exten-
sive ground-based photometric and spectroscopic campaign before and during the space run
(Uytterhoeven et al. 2008).
Stro¨mgren indices from GAUDI database and TempLogG package
(Napiwotzki et al. 1992, Ku¨nzli et al. 1996) give Teff = 7300 ± 200 K, log g = 4.21 ± 0.20,
[Fe/H] = 0.01 ± 0.20. Bruntt et al. (2004) by using 2MASS photometry and Hα
line profile obtain the same Teff , a higher log g (4.40 ± 0.45) and a slightly lower
metallicity [Fe/H] = −0.04 ± 0.21. On the other hand, a spectroscopic analysis by
Gillon & Magain (2006) gives a similar log g (4.43±0.20) but a value of Teff (7632±126 K)
1σ higher than previous determinations. Given the location of HD 49434 near the blue border
of the γ Dor instability strip (IS), an accurate determination of Teff is crucial and further
investigations are hence required.
Stellar models and stability computation
Ground-based observations of HD 49434 allowed Uytterhoeven et al. (2008) to classify
HD 49434 as a hybrid pulsator, since it shows four frequencies (from 0.2 to 1.7 d−1) in the
typical domain of g-modes in γ Dor pulsators, as well as six frequencies (from 5 to 12 d−1)
with values in the range of δScuti p-modes. The simultaneous presence of both p- and
g-modes makes this star an extremely interesting target for asteroseismic modelling.
The evolutionary tracks and instability strips we used were computed with the stellar evo-
lution code CLES (Code Lie´geois d’Evolution Stellaire - Scuflaire et al. 2008a), the adiabatic
oscillation code LOSC (Scuflaire et al. 2008b) and the version of the non-adiabatic oscillation
code MAD including the convection-pulsation interaction (Grigahcene et al. 2005). Figure 1
shows that, according to the chosen error box in a (log L,log Teff ) diagram, HD 49434 is lo-
cated either at the blue border of the γ Dor IS or outside the IS. Taking all these observational
constraints (global parameters, seismic frequencies) into account, we shall attempt to obtain
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Figure 1: Location of HD 49434 in the (log L, log Teff ) diagram. 1σ (full lines) and 2σ (dotted lines) error
boxes of HD 49434: left/black box for Gillon & Magain (2006) and right/grey one for Bruntt et al. (2004).
The diagonal lines show the constraints on the radius of this star (Masana et al. 2006). Points and triangles
show the γ Dor IS derived from the Lie`ge Grid of Models.
a best fit for HD49434 and discuss the uncertainties affecting the models together with their
effects on the stability results. Results of this modelling will be presented in a future paper.
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is supported by Prodex-ESA Contract Prodex 8 COROT (C90199).
References
Bruntt, H., Bikmaev, I. F., Catala, C., et al. 2004, A&A, 425, 683
Gillon, M., & Magain, P. 2006, A&A, 448, 341
Grigahcene, A., Dupret, M.-A., Gabriel, M., Garrido, R., & Scuflaire, R. 2005, A&A, 434, 1055
Ku¨nzli, M., North, P., Kurukz, R. L., et al. 1996, A&A, 122, 51
Masana, E., Jordi, C., & Ribas, I. 2006, A&A, 450, 735
Napiwotzki, R., Scho¨nberner, D., & Wenske, V. 1992, A&A, 268, 653
Scuflaire, R., Theado, S., Montalban, J., et al. 2008a, ApSS, 316, 83
Scuflaire, R., Montalban, J., Theado, S., et al. 2008b, ApSS, 316, 149
Uytterhoeven, K., Mathias, P., Poretti, E., et al. 2008, A&A, 489, 1213
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
44 Tau: Examination of amplitude variability
and combination frequencies
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Abstract
The Delta Scuti Network has observed the slowly rotating δ Scuti star 44 Tau for five seasons
during 2000-2006. All =1 modes exhibit strong annual amplitude variations, while the
radial modes have constant (or nearly constant) amplitudes. We examined the probability
of different amplitude modulation mechanisms to be responsible for the observed amplitude
variability. The amplitudes of the combination frequencies, fi + fj , mirror the variations of
the parent modes. The relationship between the amplitudes of the combination frequencies
and their parents is found to be constant (μ=0.003) for the combinations involving the radial
fundamental and different =1 modes.
The details of the results presented in this poster have in the meantime been published
(Breger, M. & Lenz, P. 2008, A&A, 488, 643).
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German Data Center for the Solar Dynamics Observatory:
A model for the PLATO mission?
R. Burston, L. Gizon, Y. Saidi, and S.K. Solanki
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Abstract
The German Data Center for the Solar Dynamics Observatory (GDC-SDO), hosted by the
Max Planck Institute for Solar System Research in Germany, will provide access to SDO
data for the German solar physics community. The GDC-SDO will make available all the
relevant Helioseismic and Magnetic Imager (HMI) data for helioseismology and smaller se-
lected Atmospheric Imaging Assembly (AIA) data sets. This project commenced in August
2007 and is funded by the German Aerospace Center (Deutsches zentrum fuer Luft- und
Raumfahrt or DLR) until December 2012. An important component of the GDC-SDO is
the Data Record Management System (DRMS), developed in collaboration with the Stan-
ford/Lockheed Joint Science Operations Center (JSOC). The PEGASUS workflow manage-
ment system will be used to implement GDC-SDO data analysis pipelines. This makes use of
the CONDOR High Throughput Computing Project for optimal job scheduling and also the
GLOBUS Toolkit to enable grid technologies. Additional information about the GDC-SDO
can be found at http://www.mps.mpg.de/projects/seismo/GDC1/index.html. Here, we sug-
gest a similar structure and philosophy should be ideal for the PLATO mission, which looks
for planetary transits and stellar oscillations and is being studied by ESA for an M-Mission
slot in Cosmic Vision.
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Seismology of ZZ Ceti stars
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Abstract
We used the detected pulsation modes and adiabatic pulsation models to measure the
H and He layer masses for 83 ZZ Ceti stars by seismology. The range of H layer is
10−9.5 ≥ MH/M∗ ≥ 10−4, with an average of MH/M∗ = 10−6.3, thinner than the canon-
ical MH/M∗ = 10−4, indicating that the stars lose more mass during their prior evolution.
Introduction
White dwarfs are the final evolutionary stage of 95−98% of all stars (e.g.,
Fontaine et al. 2001). Their evolution is basically dominated by cooling; as they cool, they
pass through three distinct instability strips: the hot DOVs, the DBV stars, and the DAV or
ZZ Ceti stars, with 12 400K ≤ Teff ≤ 10 800K.
The ZZ Ceti stars start to pulsate when the partial ionization zone of H deepens into the
envelope. They pulsate with a few short periods and small amplitude modes (blue edge). As
the stars cool, the depth and size of the convective zone increases, with more modes with
longer periods and higher amplitudes excited.
The seismological models
We used the White Dwarf Evolutionary Code (Lamb & van Horn 1975) updated by Don
Winget and his group. The transitions between the layers are consistent with time diffusion,
following Althaus et al. (2003).
We calculated an extensive adiabatic model grid for the pulsation modes, varying Teff , M ,
MH, and M = 0.6 M, with masses from 0.5 to 1.0 M. The Teff varies from 10 600 to





The lower H and He layer mass values are 10−9.5 M
∗
(the minimum H amount to be detected




First, we searched all periodicities known for all ZZ Ceti stars. We reanalyzed the light
curves of the stars observed at the 2.1m telescope at McDonald Observatory (e.g., Castan-
heira et al. 2006), at the 4.1m telescope SOAR and the 1.6m telescope at Observato´rio
Pico dos Dias (e.g., Kepler et al. 2005). The other ZZ Ceti periods were obtained from the
literature.
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Figure 1: H mass vs. Teff , showing that there is no evidence of accretion nor loss of the external layers,
as the ZZ Ceti evolves in the instability strip.
We separated the stars according to the excited mode with highest amplitude. We then
compared the observed modes with our model grid. We are searching for common properties
to characterize a particular group; each group is a specific evolutionary stage in the white
dwarf cooling.
We used the external temperature and mass determinations as a guide to search of the
best among all the possible families of seismological solutions.
Results and conclusions
The most important result is that the H layer mass is not dependent on temperature (see
Fig. 1). There is no evidence for accretion or loss of the external layers, as the H layer mass
does not vary univocally with temperature (or age).
The mean value for the H layer mass is 10−6.3±1.6 M
∗
, which is lower than the canonical
value of 10−4 M
∗
, from evolutionary calculations. This result indicates that white dwarfs
might have formed with H mass several orders of magnitude smaller than the predicted value.
We have done the first large seismological analysis of the ZZ Ceti stars as a class, studying
83 stars. Even though we used the spectroscopic determinations as a guide, we only restricted
the seismological solution to the range of spectroscopic parameters if there were not enough
modes detected, avoiding local minima to be mistaken as global. In our study, we concluded
that it is mandatory to use the observed amplitudes in the best model fit, as weights for the
periods. It is not acceptable that the best fit does not agree with the highest amplitude mode.
After 40 years since the discovery of the first ZZ Ceti star, we finally extracted information
about this class as a whole.
Our seismological study of the ZZ Ceti stars is a proof that seismology is really a powerful
tool in the study of stellar evolution.
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Contributions of different effects towards the light variations
in main sequence pulsators
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Abstract
Nonradial stellar oscillations cause brightness changes, which result from temperature, ge-
ometrical and pressure perturbations. The observed values of photometric amplitudes and
phases are determined by competition between those three effects whose contributions depend
on stellar parameters and on pulsation mode.
I compare the importance of the individual contributions towards the light variations as
a function of the spherical harmonic degree, , and mode frequency, ν, for β Cephei, Slowly
Pulsating B-type and δ Scuti star models. All computations are performed in the framework
of linear non-adiabatic theory of stellar pulsation neglecting all effects of rotation. Static
plan-parallel Kurucz models of stellar atmospheres are used.
Results
Because these results require more space for comprehensive presentations and discussion than
allowed in these proceedings, the above abstract is an announcement of the full version paper
which will be published in one of next regular issues of CoAst.
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Abstract
Many studies have shown that the identification of pressure modes from line profile variations
using the moment method is very efficient for self-excited oscillating stars (Aerts et al. 1992).
It has however never been used to identify modes in solar-like pulsating stars. The fact that
the velocities of the oscillations are very small compared to the rotational velocity makes it
harder to use the moments method. We explore the possibility to adapt this method to the
solar-like oscillations. The F type star HD 49933 is a particularly appropriate target, having
been observed both in photometry with CoRoT (Baglin et al. 2006) and in spectrometry
(harps). We use both sets of data to investigate to which extent this method can help in
identifying the detected modes.
Individual Objects: HD49933
Moments method
Balona (1986) proposed a method to identify the oscillation modes observed in nonradially
pulsating stars, by analysing the time variations of the first moments of the line profile. For









For given , m, and mode frequency, the nth moment 〈vn〉F has a component 〈vn〉k at
the frequency k ν,m, for each k between 1 and n. These components depend on , m, the
inclination angle i, the velocity of the mode v,m and the parameters of the star.
For solar-like pulsators, the velocities of the oscillations (∼10 cm s−1) are very small com-
pared to the rotational velocity (a few km s−1). Only the component of the moments at
ν,m (i.e. 〈vn〉1) is accessible, and most of the identification methods cannot be applied to
these objects.
There is however a way of identifying the modes, using only this component. Balona
proposes to study the ratio ρ = 〈v2〉1/〈v〉1. It has the advantage that for a given (, m), it
depends only on the inclination angle i.
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revisited in the light of CoRoT results
Figure 1: Distribution of the ratio ρ for the selected peaks in the harps spectrum, with the superimposition
of the false-probability level. The black dashed curve corresponds to the average of the Monte Carlo
iterations.
Identification of the modes for HD 49933
Solar-like pulsator HD 49933was observed both with the spectrometer harps(Mosser et al.
2005) and in photometry with CoRoT (Appourchaux et al. 2008). We applied a mask on the
harps spectrum, to keep only the parts which match the frequencies of the modes detected
by CoRoT. The ratio ρ was computed for each of them. Since ρ is identical for all (, m)
modes, we expected to find numerous peaks with the same ratio ρ. The obtained values of
ρ are shown in a histogram (see Fig. 1).
To determine the significance of the peaks, we used a Monte Carlo technique on the
line profiles in order to estimate the false-alarm probability. The histogram contains a peak
(pointed by the arrow) which has a probabilty as low as 10% to be due to noise, and therefore
90% chances to be due to signal.
Results and conclusion
According to the values of the period (T 3.4 days), v sin i and R, the inclination angle of
HD 49933 is estimated at about i = 29 ± 3 degrees.
The relation between ρ and i suggests an identification for the mode detected with a 90%
probability:  = 2, m = ±2. We obtain the same identification as the one derived from the
CoRoT data (Appourchaux et al. 2008).
The application of this method to HD 49933 is still in progress, and the influence of some
parameters remains to be studied — for instance the size of the bins in the histogram, the
number of highest peaks selected, the dimensions of the mask applied on the harps power
spectrum.
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Pulsating B and Be stars in the Magellanic Clouds
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The κ-mechanism in β Cephei and SPB stars has an important dependence on the abun-
dance of iron-group elements, and hence the respective instability strips have a great de-
pendence on the metallicity of the stellar environment. Pamyatnykh (1999) showed that
the β Cephei and SPB instability strips practically vanish at Z < 0.01 and Z < 0.006,
respectively.
The metallicity of the Magellanic Clouds (MC) has been measured to be around Z = 0.002
for the Small Magellanic Cloud (SMC) and Z = 0.007 for the Large Magellanic Cloud (LMC)
(see Maeder et al. 1999 and references therein). Therefore, it is expected to find a very low
occurrence of β Cephei or SPB pulsators in the LMC and no pulsator of this type in the SMC.
Our research has been focusing on a sample of more than 150 stars for the LMC and
more than 300 stars for the SMC (photometric time series had been provided by the MACHO
project) for which Martayan et al. (2006, 2007) provided accurately determined fundamental
astrophysical parameters. Our goal is to map the regions of pulsational instability in the
HR diagram for the low-metallicity environments as the MC.
The complete results of the analysis for the SMC data can be found in Diago et al. (2008).
Many of the short-period variables have been found multiperiodic and some of them show
the beating phenomenon due to the beat effect of close frequencies. In Table 1 we re-
sume the percentages of short-period variable stars compared with the results obtained by
Gutie´rrez-Soto et al. (2007) for the Milky Way (MW).
In the SMC, all pulsating B stars are restricted to a narrow range of temperatures (see
Fig. 1). Moreover, all stars but one have periods longer than 0.5 days, characteristic of SPB
stars. Thus, we suggest an observational SPB instability strip at the SMC metallicity shifted
towards higher temperatures than in the Galaxy. We propose the hottest pulsating B star
in our sample to be a β Cephei variable. The reason is that it has two close periods in the
range of the p-mode galactic pulsators, and it is the hottest pulsating star. If it is indeed a
β Cephei star, this would constitute an unexpected result, as the current stellar models do
not predict p-mode pulsations at the SMC metallicities (see Miglio et al. 2007).
For Be stars in the SMC, most of them are located inside or very close to this region,
suggesting that they are g-mode SPB-like pulsators. Three stars are significantly outside the
Table 1: Percentages of short-period variables in the MC and in the MW.
MW LMC SMC
Pulsating B stars 16% 6.9% 4.9%
Pulsating Be stars 74% 14.8% 24.6%
300 Pulsating B and Be stars in the Magellanic Clouds
Figure 1: Location of the B (top) and Be (bottom) star samples of the SMC (left panels) and the LMC
(right panels) in the HR diagram: single crosses represent stars in our sample, the empty circles represent
single period detection and the filled ones multiple period detection. In the left panel (SMC), the dashed
line delimits the suggested SPB instability strip for the SMC. In the right panel (LMC) the β Cephei and
the SPB boundaries at solar metallicities (Pamyatnykh 1999) are plotted only for reference.
strip towards higher temperatures, all of them multiperiodic, with periods lower than 0.3 days.
Therefore, we propose that these stars may be β Cephei-like pulsators.
In the LMC the search for short-period variables is more difficult than in the SMC because
they show more outbursts and irregular variations that prevent us from carrying the frequency
analysis. In spite of this difficulty, we have found 7 short-period variables among the B star
sample and 4 among the Be star sample. As in the SMC, the hotter stars are those that are
multiperiodic. Our work with the results of the LMC is ongoing.
References
Diago, P. D., Gutie´rrez-Soto, J., Fabregat, J., & Martayan, C. 2008, A&A, 480, 179
Gutie´rrez-Soto, J. , Fabregat, J., Suso, J., et al. 2007, A&A, 476, 927
Maeder, A., Grebel, E. K., & Mermilliod, J.-C. 1999, A&A, 346, 459
Martayan, C., Floquet, M., Hubert, A.-M., et al. 2006, A&A, 452, 273
Martayan, C., Floquet, M., Hubert, A.-M., et al. 2007, A&A, 462, 683
Miglio, A., Montalba´n, J., Dupret, M.-A., et al. 2007, MNRAS, 375, L21
Pamyatnykh, A. A. 1999, AcA, 49, 119
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
Dipole modes of stellar oscillations
G.Dogan1, J. Christensen-Dalsgaard1 , and M.Takata2
1 Department of Physics and Astronomy, University of Aarhus,
Ny Munkegade, Building 1520, DK-8000 Aarhus C, Denmark
2 Department of Astronomy, School of Science, University of Tokyo,
Bunkyo-ku, Tokyo 113-0033, Japan
Abstract
We focus on dipole mode stellar oscillations (with l=1) which have been a challenge in
identifying the modes. We make use of a new mode identification scheme specific to these
oscillations.
Introduction
Nonradial stellar oscillations are governed by a fourth-order system of differential equations
which is difficult to treat analytically. Nevertheless, there has been a specific treatment
suggested only for dipole-mode oscillations (Takata 2005), which decreases the system of
equations from fourth to second order. We apply this new treatment to realistic stellar
models and check its validity.
Classification of modes
Stellar oscillation modes are investigated, in a broad sense, under two categories: the acoustic
modes (p modes), and the gravity modes (g modes), with the restoring force being pressure
and buoyancy, respectively. In most cases, but not for dipolar oscillations, there is also an
intermediate fundamental mode, the so-called f mode, which has no radial node (for a detailed
discussion; see Christensen-Dalsgaard & Gough 2001). Conventional mode identification is
made by analyzing the movement of the phase point on the phase diagram plotted using
two variables (y1, y2), where y1 = ξr/r, and y2 =
p
l(l + 1) ξhR , with ξr and ξh being the
radial and horizontal displacements, respectively. The nodes of ξr are used to determine
the label of the mode together with the direction of the phase point while going around the
origin of the phase diagram at the node: it is called a g node (or p node) if the movement
is clockwise (or counterclockwise): see Takata (2006) for details. The number of p and
g nodes (np and ng) are counted and then a mode is labelled according to the sign of
radial order n, where n = np − ng. If n > 0, the mode is labelled as a p mode, while it
is labelled as a g mode if n < 0. However, this classification fails to be valid for dipolar
modes. Low-order dipolar modes, labelled according to the phase diagram based on the
radial and horizontal displacements, change their order as the star evolves, while a proper
labelling should be invariant under the evolution. This failure comes from the fact that we can
justify the conventional scheme only when we neglect the gravitational potential perturbation
(φ′), which is not small in the condensed core of the evolved stars. Based on the identity
derived by Takata (2005), which takes into account the contribution from φ′, Takata (2006)
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Figure 1: Evolution of an l = 1 mode for a model with M = 1M

, and metallicity Z=0.02. Starting
from the origin, phase points move in the direction of the arrows.

























new variables; n = np − ng if np < ng, while n = np − ng + 1 if np ≥ ng. The dependence
of labelling (as p or g mode) on n is as described before. Fig. 1 shows the phase diagrams
plotted using the old (left panel) and the new variables (right panel).
The new definition appears to be a solution to the problem of dipolar mode labelling, at
least for stars from the main sequence through the subgiant branch.
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Abstract
We present preliminary models for HD 19994, a star which is part of a binary system and also
harbors an extrasolar planet. We compute evolutionary tracks with the Toulouse-Geneva evo-
lution code, using four different metallicity values. Large and small separations are computed,
and the echelle diagrams are given for a few models. From the currently known spectroscopic
data, we found that HD 19994 could be either an overmetallic main sequence star with a
mass range between 1.24 and 1.36 M

or a less massive subgiant star, with a mass range of
1.18-1.28 M

and a solar metallicity. We also found that, in some cases, the small separations
can become negative at a given frequency, which is related to the presence of a convective
and helium-rich core. This is a preliminary approach: a more precise asteroseismic study of
this star, based on recent (November 2007) data from the HARPS spectrograph will be given
later.
Individual Objects: HD19994
Asteroseismology is a powerful tool to study the interior of stars. In the case of HD 19994
we had two motivations for a precise study: this star has an orbiting Jupiter-like planet
and also has a binary companion. β Virginis, a “sister” of HD19994 but with no or-
biting exoplanet, has been previously studied using asteroseismology (Carrier et al. 2005;
Eggenberger & Carrier 2006). This gives a unique opportunity to compare two similar stars
with different environments.
We computed evolutionary tracks using the Toulouse-Geneva evolution code. For the four





. For each metallicity case, we constructed the corresponding
error boxes in the log(L/L

) - log(Teff ) and log(g) - log(Teff ) planes, according to the
observational constraints given by the spectroscopic studies. Finally, we have five error boxes,
two of them corresponding to the same metallicity values but to different luminosities, gravities
and effective temperatures. In every case we chose a model, in the corresponding track, close
to the centre of the error box, in agreement with the observational constraints. We found
that, as an overmetallic star, HD 19994 should be a main sequence star with a mass range
between 1.24 and 1.35 M

; otherwise, in case the overmetallicity was due to accretion, it
would be a subgiant star with a mass between 1.18 and 1.28 M

.
We selected ten models to perform the asteroseismic test. Adiabatic oscillation frequencies
were computed using the PULSE code (Brassard et al. 1992), for angular degrees from  = 1
to  = 3 and radial orders ranging typically from 4 to 30. The azimutal order is always m = 0.
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We computed the large separations, small separations and we plotted the echelle diagrams.
Analyzing our results, the most interesting cases are the models where the lines  = 0 and
 = 2, and/or the lines  = 1 and  = 3 cross, indicating that the small separations change sign
at a certain frequency, in contradiction with the asymptotic theory (Tassoul 1980). This is
related to the presence of a convective helium-rich core in the star (Soriano & Vauclair 2008).
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Abstract
SDSS J1600+0748 is the only hot sdO star for which unambiguous multiperiodic luminosity
variations have been reported so far. These rapid variations, with periods ranging from 60 s
to 120 s, are best explained qualitatively in terms of pulsational instabilities, but the exact
nature of the driving mechanism remains a puzzle. Models with uniform metallicity are
unable to excite pulsation modes in the range of interest as demonstrated most eloquently by
Cristina Rodr´ıguez-Lo´pez in her Ph.D. thesis at the Universidad de Vigo in 2007. We confirm
her results here, but also show that the inclusion of radiative levitation in the equilibrium
models changes the picture dramatically. We find indeed that p-mode pulsations with periods
overlapping with the observed ones in SDSS J1600+0748 can be excited in models in which
radiative levitation of iron is taken into account. This process provides the necessary boost
to the opacity driving mechanism. We conclude that radiative levitation apparently is an
essential ingredient of the excitation physics at work in this unique star.
Individual Objects: SDSS J160043.6+074802.9
Woudt et al. (2006) reported the discovery of short-period (from ∼60 s to ∼120 s) mul-
tiperiodic luminosity variations in the relatively faint (g = 17.41) SDSS object J1600+0748.
They also provided a SALT spectrum which clearly showed, even without quantitative analy-
sis, that SDSS J1600+0748 is a spectroscopic binary consisting of a very hot sdO star and,
most likely, a late-type main-sequence companion. This came as a bit of a surprise as no
driving mechanism able to excite short-period p-modes had been found in models of sdO stars
as reported by Rodr´ıguez-Lo´pez in her Ph.D. work (see Rodr´ıguez-Lo´pez et al. 2006, 2007
for more details).
One piece of physics that can potentially be very important, but was not included in
the sdO models built by Rodr´ıguez-Lo´pez and collaborators, is radiative levitation. In or-
der to investigate that possibility, we followed the same approach as the one proposed by
Charpinet et al. (1997) in the construction of their so-called second-generation sdB mod-
els. In brief, a state of diffusive equilibrium is assumed between gravitational settling and
radiative levitation of iron in the envelope of sdO star models. Prior to that, we secured a
high S/N ratio spectrum of J1600+0748, deconvolved it of the light of the G0V companion,
and modeled the cleansed spectrum with NLTE H/He synthetic spectra to obtain values of
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Figure 1: Iron-to-hydrogen number ratio (dotted curve) and Rosseland opacity (solid curve) profile in the
envelope of representative stellar models. The thin curves refer to models with uniform metallicity specified
by Z = 0.02, 0.04, 0.06, 0.08, and 0.10, from bottom to top. The thick curve refer to our reference model
that takes radiative levitation into account. The largest bump in the opacity profile for each model is
clearly larger and sharper in the latter case and produces pulsational instabilities.
Teff = 71,070 ± 2725 K, log g = 5.93 ± 0.11, and log He/H = −0.85 ± 0.08. This was an
essential step to estimate with some accuracy the atmospheric parameters of J1600+0748
that are needed in the construction of the equilibrium stellar models used in the subsequent
pulsation analysis.
With the inclusion of radiative levitation, we find instabilities in models of J1600+0748
that match remarkably well those found in the real star. In contrast, models with uniform
metallicity fail to produce unstable modes (see Fig. 1). Details on our results can be found
in Fontaine et al. (2008).
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Individual Objects: V624Tauri, HD23194, HD23246
Introduction
The stars V624 Tau (= HD 23156, BD+23o 495) and HD 23194 (= V1187 Tau,
BD+24o 540) belong to the Pleiades cluster. While the former was identified as a δ Scuti vari-
able by Breger (1972), the latter was classified as a δ Scuti pulsator by Koen et al. (1999). The
multiperiodic pulsational behaviour of both stars was established as a result of the STEPHI X
campaign in 1999 (Fox Machado et al. 2002). In that campaign 7 frequencies for V624 Tau
and 2 frequencies for HD 23194 were unambiguously detected above 99% confidence level. A
comparison between the oscillation frequencies and the eigenfrequencies of rotating models
of some δ Scuti stars of the Pleiades cluster, V624 Tau and HD 23194 among them, was
carried out by Fox Machado et al. (2006). As a result, few solutions with associated ranges
of stellar parameters for each star were found suggesting the existence of only p modes, low
radial order in all the stars.
In order to increase the number of detected modes in each star, a new STEPHI multisite
campaign on V624 Tau and HD 23194 was carried out in 2006. Some preliminary results of
these observations are given in this paper.
Observations, data reduction and frequency analysis
Some observational properties of the target stars are given in Table 1. The observations were
carried out over the period 2006 November 14–December 3. As has been done in previous
STEPHI campaigns, we observed from three sites well-distributed in longitude around the
Earth: Observatorio Astrono´mico Nacional (operated by the UNAM) in San Pedro Ma´rtir,
Baja California, Mexico; Xing Long Station (operated by the Beijing Observatory) in Beijing,
China; and Observatorio del Teide (operted by the IAC) in Tenerife, Spain. Four-channel
photometers with interferometic blue filters were used at all observatories. 232 hours of use-
ful data were obtained during 20 nights of observations from the three sites. The efficiency
of observations was 48% of the cycle. The data reduction was obtained following a classi-
cal scheme of multichannel photometry and is similar to that reported in previous STEPHI
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Table 1: Observational properties of the stars observed in the STEPHI 2006 campaign.
Star HD ST V B − V V sin i β
(km s−1)
V624 Tauri 23156 A7V 8.22 +0.25 70 2.823
V1187 Tauri 23194 A5V 8.05 +0.20 20 2.881
Comparison 23246 A8V 8.17 +0.27 200 2.773
Table 2: Frequency peaks detected above a 99% confidence level in our target stars. The origin of ϕ is at
HJD 2454040.97. S/N is the signal-to-noise ratio after the pre-whitening process.
Star ν A ϕ S/N
(μHz) (mmag) (rad)
V624 Tau ν1a 243.01 3.37 +1.4 5.0
ν2a 408.96 5.75 −0.1 15.6
ν3a 413.20 4.15 −0.1 11.5
ν4a 416.21 1.43 −1.5 3.9
ν5a 451.80 3.82 −1.4 10.4
ν6a 489.22 4.38 +2.7 12.7
ν7a 529.18 1.43 −1.5 4.2
ν8a 690.92 1.06 −2.9 4.3
HD 23194 ν1b 533.62 6.94 −1.8 14.5
ν2b 574.85 6.26 −1.8 14.7
ν3b 615.40 4.50 −0.8 12.2
campaigns (e.g. see Alvarez et al. 1998, Fox Machado et al. 2002). The frequency peaks of
the light curves of the target stars were obtained by performing a nonlinear fit to the data.
Table 2 lists the peaks detected in each star with a confidence level above 99%. As can be
seen, eight and three frequencies were detected in V624 Tau and HD 23194, respectively. A
combined analysis of the 1999 and 2006 STEPHI campaigns will be given in a forthcoming
paper (Fox Machado et al. 2008).
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Introduction
The pre-main sequence (PMS) stars of intermediate mass (1.5 − 8 M

), called Herbig
Ae/Be stars (Herbig 1960), show signs of strong stellar activity (e.g. Bo¨hm & Catala 1995).
The origin of this activity is not understood in the frame of current theoretical models of stel-
lar evolution. We have growing evidence that the feeding energy source might be of internal
stellar origin. This question still remains open, and it is a major concern for young stellar
evolution to study the internal structure of these objects by means of asteroseismology.
HD 104237 is a particularly suitable target for such a study, since it is one of the brightest
Herbig Ae stars known (mv = 6.6). Moreover, δ Scuti type pulsations have been dis-
covered in this prototype star in the last years (Donati et al. 1997; Kurtz & Mu¨ller 2001;
Bo¨hm et al. 2004). An asteroseismological study of HD104237 will enable us to better con-
strain the PMS instability strip investigated by Marconi & Palla (1998), which covers roughly
the same area in the HR diagram as the δ Scuti stars. We have chosen to work with the
HD 104237 high resolution spectroscopy data obtained in 1999 at the 1.9m telescope of the
South African Astronomical Observatory (SAAO) by Bo¨hm et al. (2004). These authors
obtained high quality radial velocity measurements which allowed them to detect for the first
time by spectroscopic means multi-periodic oscillations in a PMS star. An accurate analy-
sis of pulsations by high-resolution spectroscopy requires significant Signal-to-Noise Ratios
(SNR). In order to make full use of the multiplex gain of more than 500 spectral lines, we
work with equivalent profiles taking into account all the informations of the photospheric lines
present in the spectrum by using the LSD method (Donati et al. 1997). For each night of the
run SAAO 1999, we have computed the LSD profiles corresponding to the different obtained
spectra.
Individual Objects: HD104237
Pulsational tomography of HD104237
We have classified all photospheric lines following their depth of formation within the stellar
photosphere of HD 104237 (LTE approximation) and studied the radial velocity pulsational
behaviour of several groups. The detailed frequency analysis revealed the same three main
frequencies and associated amplitudes as announced in Bo¨hm et al. (2004). This indicates
the absence of radial pulsational nodes within the studied radial area, ie. the absence of high
radial order pulsations.
In addition we have gathered photospheric lines in function of different chemical elements,
namely Fe (FeI + FeII), FeI, FeII and TiII. The analysis of the pulsational behaviour of these
groups of lines indicates that there is no significant difference between the groups, which is
not in favour of a chemical stratification of the atmosphere of HD104237, in opposition to
what has been found eg. for roAp stars (eg. Ryabchikova et al. 2002; Kochukohov 2007).
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Figure 1: Dynamical spectrum of the HD 104237 LSD residual profiles. Clear indications of nonradial
pulsations are observed.
Discovery of nonradial pulsations in HD104237
In order to search for nonradial pulsations, the LSD profiles have been corrected of their cor-
responding HJD (Heliocentric Julian Date) radial velocity and recentered on their respective
centroid (i.e. all radial velocity movements have been substracted). In order to see the varia-
tions in these profiles better, we have substracted a nightly averaged LSD profile (cf. Fig. 1).
The variation pattern of the LSD residual profiles shows oscillations in the centroid and the
wings, with amplitudes of less than 1.5% of the continuum. For the first time, we have direct
spectroscopic indication of the presence of low degree nonradial pulsation in the spectrum of
HD 104237. An analysis of 11 velocity bins centered on the individual radial velocity of each
profile (from -22.5 km/s to +22.5 km/s) shows a phase opposition between the oscillations
of the centroid and the oscillations of the wings of the residual profiles, indicative of nonradial
pulsations of low degree .
Acknowledgments. A. Fumel acknowledges the financial support granted by the HELAS
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Abstract
According to its spectral type B2 Ib/II (Klare & Neckel 1977; Schmidt & Carruthers 1996),
HD163899 is a supergiant star. The star presents p and g-mode pulsations (Saio et al. 2006).
In such a post-main sequence (post MS) star, the helium core is radiative with a very large
Brunt-Va¨isa¨la¨ frequency which produces a strong damping. The presence of excited g-modes
is however possible thanks to an intermediate convective zone (ICZ) which prevents some
g-modes from entering the radiative damping core (Saio et al. 2006). We have investigated
an alternative solution. We show that MS evolutionary tracks could cross the error box of
HD 163899 if a sufficiently large amount of overshooting is taken into account. However, in
that case, the spectrum of unstable modes is different from the spectrum of a supergiant star
since the Brunt-Va¨isa¨la¨ frequency is much smaller.
Individual Objects: HD163899
HD 163899
HD 163899 is a B supergiant star (B2Ib/II, Klare & Neckel 1977; Schmidt & Carruthers
1996) which has been observed by the MOST satellite (Walker et al. 2003) during
37 days. Saio et al. 2006 reported the detection of 48 frequencies (≤ 2.8 c/d) with am-
plitudes of the order of the milli-magnitude. The frequency range corresponds to p and
g-mode pulsations.
HD 163899 is a supergiant star
The presence of g-mode pulsations in a post-MS star is challenging since those stars present
a radiative and contracting core and a low density envelope. The Brunt-Va¨isa¨la¨ frequency
reaches huge values in the core causing a strong radiative damping. However, an intermediate
convective zone (ICZ) located above the core prevents some modes from entering the radiative
damping core. In that case the κ-mechanism in the superficial layers is sufficient to excite
some g-modes (Saio et al. 2006). Saio et al. (2006) have computed supergiant models in
which an ICZ indeed develops in the post-MS phase. They do have excited g-modes and the
frequency range corresponds approximately to the observed frequencies.
HD 163899 is a main sequence star with overshooting
MS stars have a convective core surrounded by a radiative envelope: the Brunt-Va¨isa¨la¨
frequency is zero in the core and no radiative damping occurs there. The presence of g-
modes in such a star is therefore not a problem. Fig. 1 shows evolutionary tracks computed
with different overshooting parameters (from 0.2 to 0.5). The black dashed box stands for



















Figure 1: Main sequence evolutionary tracks for





with different overshooting parameters ranging
from 0.2 to 0.5. The dashed box is the error box
of HD 163899. Main sequence evolutionary tracks
















Figure 2: Evolution of the ICZ mass extension dur-
ing the supergiant phase. The effective tempera-
ture decreasing after the MS is shown on x-axis.
For a small amount of overshooting 0.2, the ICZ
is well develops, it is much smaller for 0.3 and it
disappears for 0.4.
the error box of HD 163899 from Saio et al. (2006). We see that when taking sufficiently
large overshooting into account, MS evolutionary tracks cross the error box of HD 163899.
g-modes can be excited since there is no radiative damping due to the presence of a convective
core. However, the frequency range does not represent the observed range as well as in case 1.
HD 163899 is a supergiant star with overshooting
On the post-MS, an ICZ is needed to have excited g-modes. If the overshooting during
the MS phase is too large, it can prevent the formation of an ICZ during the post MS and
therefore prevent the excitation of the g-modes. The evolution of the convective core and
the ICZ in the post MS phase for a sequence of 12M

computed with different overshooting
parameters is shown on fig. 2. The ICZ is still well developed for αov = 0.2, it is much
smaller for 0.3 and it completely disappears for αov = 0.4. In that case, no unstable g-modes
should be observed.
Conclusion
We have investigated three possible solutions for the location of HD163899 in the HR diagram
coupled with the presence of excited g-modes. First, if HD 163899 is a supergiant star, an
ICZ is needed and for models computed without overshooting the theoretical frequency range
closely resembles the observed frequency range. Second, if HD 163899 is still a MS star, a
rather large amount of overshooting is needed. However in that case, the agreement between
the theoretical frequency range and the observed one is not as good as in case 1. Third, if
HD 163899 is a supergiant star with a rather large amount of overshooting during the MS
phase, no ICZ is formed and the excitation of g-modes is not possible. These results favour
case 1; HD 163899 should be a supergiant star.
References
Klare, G. & Neckel, T. 1977, A&AS, 27, 215
Saio, H., Kuschnig, R., Gautschy, A., et al. 2006, ApJ, 650, 1111
Schmidt, E. & Carruthers G., ApJ, 104, 101
Walker, G., Matthews, J., Kuschnig, R., et al. 2003, PASP, 115, 1023
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
Photometric observations of southern Blazhko Stars
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Abstract
In the years 2004 and 2005, we obtained Johnson B and V photometry of 7 southern Blazhko
RR Lyrae stars at the South African Astronomical Observatory (SAAO) and Siding Spring
Observatory (SSO), Australia. Using the new data in combination with the ASAS data,
Blazhko periods could be determined with unprecedented accuracy.
Individual Objects: ARSer, RUCet, RV Cap, V674Cen, RYCol, SS For, UV Oct
Motivation
Dedicated photometric campaigns of Blazhko stars - i.e., RR Lyrae stars showing a periodic
change of their pulsation amplitude and phase - have so far mainly been carried out from the
northern hemisphere. Before the results from large-scale surveys such as ASAS and ROTSE-I
(Woz´niak et al. 2004) came out, there were only few well-established southern field Blazhko
stars. We selected some of the brightest and most interesting known Blazhko pulsators in
the southern hemisphere and obtained new precise photoelectric measurements. Seven stars
were observed in the framework of the campaign. Table 1 lists the targets and the amount
of data obtained.
The campaign
Fourteen weeks of telescope time in 2004 and twelve weeks in 2005 were allocated to the
project at the South African Astronomical Observatory. Additionally, two of the stars (SS For
and UV Oct) were included into a multisite campaign which was carried out in 2005. For
these stars, we also obtained data at Siding Spring Observatory, Australia, which led to a
great improvement of the spectral window function and made more detailed analyses possible.
hours nights measurements V measurements B
AR Ser 37.4 18 293 244
RU Cet 17.9 4 123 122
RV Cap 55.9 21 372 254
V674 Cen 77.1 30 469 441
RY Col 58.0 24 293 301
SS For 201.8 50 1218 1218
UV Oct 134.9 47 832 832
314 Photometric observations of southern Blazhko Stars
PPulsation(d) PBlazhko(d)
AR Ser 0.57514 110.0 ± 5.0
RU Cet 0.58628 97.9 ± 1.0
RV Cap 0.44774 232.6 ± 5.5
V674 Cen 0.49392 Not determined
RY Col 0.47886 82.4 ± 0.8
SS For 0.49543 34.9 ± 0.1
UV Oct 0.54263 143.9 ± 0.2
Frequency analysis
For the determination of the frequencies we performed a Fourier analysis using the software
package Period04 (Lenz & Breger 2005). In order to obtain the most reliable results, we
combined our data with the publicly available data from the ASAS survey (Pojmanski 2005).
The ASAS observations have a much longer time base, which complements our measurements
with their precision and their coverage of large parts of the light curve. This enabled us to
determine the Blazhko periods of six stars with unprecedented accuracy:
Amplitude decrease and influence of data sampling
It was noted by Jurcsik et al. (2005) that the amplitudes of the side peaks decrease less steeply
from one harmonic order to the next than the amplitudes of the harmonics themselves. We
also see this effect in our data. The amplitudes of the harmonics decrease exponentially, while
the amplitudes of the modulation components decrease in an almost linear way.
It is well known that data sampling plays an important role in the analysis of RR Lyrae
Blazhko stars. Not only the resulting amplitudes depend on the sampling, but due to phase
changes also the determined pulsation amplitude may differ from one subset to another.
The combination of our data with ASAS data helped to solve this problem and to obtain
unambiguous results for both the pulsation and the Blazhko periods (Kolenberg et al. 2008).
Variations at minimum light
In the majority of Blazhko stars the variations around maximum light over the Blazhko cycle
are most pronounced. For SS For, strong periodic variations around minimum light were
found and analyzed (Guggenberger & Kolenberg 2006). Shock waves passing through the
stellar atmosphere are thought to be responsible for the bump in the light curves of RR Lyrae
stars. The variation of the bump is hence likely due to a variable timing and intensity of the
shock wave. The light curves of some of the other stars in the campaign also show strong
changes before minimum light which deserve further analysis.
Acknowledgments. Part of this research has been supported by the Austrian Fonds zur
Fo¨rderung der wissenschaftlichen Forschung, project numbers T359 and P19962
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Abstract
This is a progress report on the analysis of our extensive CCD UBV photometry campaign
of the open cluster NGC 3293 that contains eleven known β Cephei stars. All of them are
multiperiodic with up to seven independent mode periods detected so far. Another group of
variables is located near the low-luminosity end of the β Cephei instability strip; it probably
consists of rapidly rotating SPB stars. More than a dozen δ Scuti stars have been confidently
identified in the field so far. All are new discoveries; about half of them belong to the cluster.
To date, we have also discovered five eclipsing variables in and around NGC 3293.
Individual Objects: NGC 3293
Some examples
Figure 1 presents more detailed information on some of the confirmed variables. The first
eleven panels contain the amplitude spectra of the known β Cephei stars (GCVS designations)
from our B-filter measurements at Siding Spring Observatory, CTIO and part of the SAAO
observations. No new β Cephei stars were discovered in the cluster so far. V400 Car was only
contained on the CCD frames from Siding Spring, and the SAAO data on V404 Car were not
useful. A large variety of pulsational behaviour among the β Cephei stars becomes apparent.
The same comment applies to our SPB candidates (NSV numbers); further analysis is
needed to obtain a reliable classification and to understand their behaviour. Finally, a phased
light curve of an Algol-type eclipsing binary (NGC 3293 BVC 85, internally named StarC139)
is shown. It is hoped that the eclipsing cluster members can be used to obtain additional
constraints on the cluster distance.
Acknowledgments. This work is supported by the Austrian Fonds zur Fo¨rderung der wis-
senschaftlichen Forschung under grant P18339-N08.
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Figure 1: Preliminary amplitude spectra of the eleven known β Cephei stars in NGC 3293 and of five of
the presumed SPB stars. The panel to the lower right contains the phased light curve of the brightest of
the eclipsing variables newly discovered to date.
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Abstract
The region in the HR-diagram where the main sequence intersects the classical instability strip
hosts A- and F-type stars exhibiting a rich variety of physical phenomena, such as pulsations
on various time scales and chemical peculiarities. We aim to investigate the occurrence of
these phenomena among suspected binary systems in this region of the HR-diagram and their
mutual interactions.
Introduction
Main sequence A and F stars are interesting since stars in the same region of the HR-diagram
show (different types of) pulsations and/or chemical peculiarities. The necessary (different)
conditions for these phenomena to occur in stars of similar luminosity and temperature are
not yet (well-) known. For a long time it has been thought that chemical peculiarity and
pulsations were mutually exclusive (e.g. Breger 1970). Radiative diffusion (gravitational
settling of Helium and levitation of other elements in layers which are sufficiently stable against
turbulent mixing) in slowly rotating stars can explain the existence of chemical peculiarities as
well as the suppression of pulsations due to a lack of Helium in the partial ionisation zone which
drives the pulsations. By now, stars possessing both chemical peculiarities and pulsations are
observed, which can not be fully understood in terms of the radiative diffusion hypothesis.
Only for some subgroups of chemically peculiar pulsating stars theoretical explanations exist.
We refer to e.g. Kurtz (2000) for an extensive review.
The aim of our project is to investigate empirically the limits where chemical peculiarity
and pulsations can co-exist, where they are mutually exclusive and the role of multiplicity
therein.
Sample selection and observations
A sample of poorly studied A and F stars is selected to investigate the mutual interactions
between pulsations, multiplicity and chemical abundances in the region where the classical
instability strip intersects the main sequence. Stars are selected to be brighter than 8th
magnitude in V (Hipparcos catalogue: ESA 1997), have a variability flag in the radial velocity
catalogue of Grenier et al. (1999) and only a few references in Simbad.
During three observing runs using the ELODIE spectrograph mounted on the 1.93-m tele-
scope at the Observatoire de Haute-Provence, France, spectra with S/N ≥ 80 were collected
for about 65 stars. To be able to search for pulsations and/or multiplicity, the observing
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strategy was such that both long- and short-term radial velocity variations could be identi-
fied, i.e., several exposures (exposure times ≤ 10 min) during a single night and at least one
during another night were gathered.
Determination of stellar parameters and chemical abundances
Stellar parameters are determined using GIRFIT, a computer code which performs least
squares fitting based on the MINUIT minimisation package (see also Fre´mat et al. 2007).
The radial velocity (RV), projected rotational velocity (v sin i), effective temperature (Teff )
and surface gravity (log g) are derived in four consecutive steps: (1) RV is determined from
the cross-correlation functions; (2) v sin i is based on metallic line fitting with RV fixed; (3)
Teff is derived from Hα, with log g equal to 4.0; (4) log g is derived by computing the
luminosity using the parallax, V magnitude and Teff and, from these, the mass and radius
from stellar evolutionary tracks (Schaller et al. 1992). Because log g depends on Teff the
last two steps are performed iteratively.
Determination of abundances is performed for elements with strong spectral lines based
on solar abundances in the range 4500 - 5500 A˚, using synthetic spectra computed with the
SYNSPEC computer code (Hubeny & Lanz 1995) and least squares fitting based on MINUIT.
The strategy is as follows: (1) microturbulence is determined from several sensitive isolated
lines; (2) iron abundance is determined using strong iron lines (EW > 5 mA˚); (3) abundances
of iron peak elements (Ti, V, Cr, Mn, Co, Ni, Cu) are determined from isolated lines or lines
blended with iron; (4) using the previous results, iron peak elements are re-determined also
allowing blends of several of these elements in the same fitting interval; (5) abundances of
other elements with single lines are determined. The abundance determination is performed
semi-automatically and optimisation of the procedure is still ongoing.
Current status & future prospects
So far, the cross-correlation functions are computed and checked for indications of pulsations
and multiplicity. Indeed, in this rather poorly studied sample of stars binary systems, pulsators
and stars without obvious radial velocity variations are present. For the single stars in our
sample the determination of stellar parameters is nearly finished. At the moment the abun-
dance determination as described in the previous section is being tested on simulated data as
well as on reference stars also observed with the ELODIE spectrograph. Detailed information
on the developed procedures and results will be published in subsequent publications.
Acknowledgments. SH acknowledges financial support from the Belgian Federal Science
Policy (ref: MO/33/018). This research has made use of the SIMBAD database operated at
CDS, Strasbourg, France.
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Abstract
Asteroseismic observations from space can provide us with long time series of uninterrupted
high quality data for many stars at the same time. The CoRoT satellite (Convection Rota-
tion and planetary Transits) was launched successfully in December 2006 and provides high
precision photometery for a large number of stars. Here we present our research on (late G
and K) red giant stars observed during the first long run (150 days) of CoRoT with the ‘eye’
dedicated to exoplanet research.
Introduction
Solar-like oscillations in red giant stars are observed using both spectroscopy (e.g. Frand-
sen et al. 2002, Barban et al. 2004, De Ridder et al. 2006) and photometry (e.g. Bar-
ban et al. 2007, Stello et al. 2007, Kallinger et al. 2008, Tarrant et al. 2008). Results from
these observations left room for discussion about the observability of nonradial modes in red
giants and the lifetime of the stochastic oscillations. Longer time series of data, such as the
150 day time series from CoRoT, could reveal more details about these phenomena. Here
we present the selection and first analysis steps of red giants observed in the CoRoT exofield
during the first long run in the direction of the centre of the Milky Way (LRc01).
Selection
In the CoRoT exofield ∼ 12 000 stars in the magnitude range 11-16 mag in V are observed
during each run with a cadence of 512 or 32 seconds. Although the main focus was on
red dwarfs, many red giants were observed. A selection procedure to identify the red giant
candidates was developed based on amplitude spectra, using the following criteria: (1) excess
amplitude in the frequency range 20 - 120 μHz; (2) width of the excess of at least 20 μHz or
several peaks over a similar range; (3) some excess at low frequencies, which is interpreted
as granulation. After an automatic selection based on the above criteria, all preselected stars
are examined manually. From this selection it became clear that solar-like oscillations in this
frequency regime are not observable for stars fainter than 15 mag in V, most likely due to
photon noise. Finally, about 400 red giant candidates are selected. An example of a power
spectrum of a red giant candidate is shown in Figure 1.
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Figure 1: Power spectrum of one of the selected red giant candidates. This star has an apparent magnitude
of 12.5 mag in V, while no other parameters are available at the moment.
Data analysis
Although CoRoT delivers high quality data, non-stellar trends and jumps are present in the
light curves and need to be corrected. Therefore, a correction using the following steps is
performed: (1) subtract a trend modelled by a 2nd order polynomial; (2) detect jumps by
comparing mean flux values in adjacent time bins with a width of at least a few times the
oscillation period; (3) fit polynomials in all parts separated by the jumps and divide the data
by these polynomials.
Currently, a full analysis of the selected candidates is performed in different groups in
Belgium, Paris, Tautenburg and Vienna. This includes the search for oscillation frequencies,
mode identification, and lifetimes. Details of these analyses and results will be published in
subsequent publications.
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Abstract
The long-term orbital period variations of the Algol-type binaries with δ Scuti compo-
nent(oEA) AB Cas, CT Her, and TW Dra are investigated. An upward parabola is seen
in all of these systems O-C diagrams, as is expected from the evolutionary scenario of clas-
sical Algols. In addition to parabolic variations, the periodic variations on the parabola were
explained with light-time effect due to probable unseen components around the eclipsing pairs.
Individual Objects: ABCas, CT Her, TWDra
Introduction
The classical Algol type binaries have a hotter main sequence (B-A type) and cooler evolved
subgiant or giant (F-G-K) components. Forthese systems, the mass transfer process from
the less massive secondary component to the primary one has been expected due to their
evolutionary status. In classical Algols, the orbital period should increase, if the mass transfer
exists. On the other hand, it is clearly seen in many studies that about 50 percent of Algols
shows cyclic orbital period changes (e.g. Soydugan 2008).
All systems in this study are classical Algols including pulsating components. The orbital
periods of AB Cas, CT Her and TW Dra are approximatively 1d.37, 1d.79 and 2d.81, respec-
tively. The targets clearly indicate orbital period variations (e.g. Kreiner et al. 2001). There
are several works for AB Cas and TW Dra, which include O-C analysis (e.g. Abedi & Riazi
2007 for AB Cas, Qian & Boonrucksar 2002 for TW Dra). On the other hand, there is not
any published work on the period change of CT Her.
The method for orbital period analysis
AB Cas, CT Her and TW Dra indicate parabolic and cyclic variations in their O-C diagrams.
Therefore, we applied a well-known equation, which includes parabolic and periodic (light-
time equation given by Irwin 1959) terms to represent O-C variations of these systems. The
differential correction method was used to get the fit parameters with standard errors. The
details for the method can be found in the work of Soydugan et al. (2003). The O-C diagram
with theoretical curves and the residuals can be seen in Fig. 1 for CT Her.
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Figure 1: O-C residuals and theoretical fits for CT Her. The upper and middle panels show parabolic and
periodic trends of O-C curves. The lower panel shows the residuals from the final theoretical fits.
The results
We have studied the orbital period changes of three oEA type binaries and found that the
orbital period of all systems are increasing with a rate of 2.8, 6.0 and 24.7 s/century for
AB Cas, CT Her and TW Dra, respectively. Increasing periods must be a result of the
mass transfer from the less massive, cooler and Roche lobe filling components to the more
massive and pulsating ones. Derived mass transfer ratios of AB Cas, CT Her and TW Dra
are 4 x 10−8, 1 x 10−7 and 5 x 10−7 M

yr−1, respectively. The pulsational behaviour,
especially the amplitude, of the primary components are expected to change due to the drop
of the transferred matter onto their surfaces and/or to the formation of a thin disk or shell
around the gainer. This effect has been introduced for the first time in the several year
monitoring of pulsational properties of RZ Cas (Mkrtichian et al. 2007). Therefore, following
observations of AB Cas, CT Her and TW Dra are strongly encouraged in order to reveal
pulsational behavior. In all of these systems, the O-C analysis also shows periodic variations
superimposed on parabola, which are expected to be due to the third unseen components
around the eclipsing pairs. Minimum masses for these additional bodies are found to be 0.25,
0.26 and 5.8 M

for AB Cas, CT Her and TW Dra, respectively.
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Abstract
Stars with changing Blazhko periods challenge the currently proposed hypotheses for the
Blazhko effect. RR Lyr, the prototype of the class, is one of the best-studied Blazhko stars
but it keeps on surprising its observers. We present the first results from a photometric follow-
up campaign in 2006-2007 of the star. Multicolour data were gathered from 4 different
observatories in the northern hemisphere. Our analysis focuses specifically on the period
behaviour. We confirm the previously reported decrease of the modulation period.
Individual Objects: RRLyr
Several Blazhko stars are known to have shown changes in their Blazhko period
(e.g. XZ Cyg, see LaCluyze´ et al. 2004). The prototype of the class, RR Lyr, is also known to
have a changing Blazhko period. This was most recently reported by Kolenberg et al. (2006),
who discussed photometric data of RR Lyr in 2003-2004 and found a Blazhko period of about
39 days, considerably smaller than the previously known 40.8 days. We kept a close eye on
RR Lyrae over the past years.
Our observations were obtained in 2006 and 2007 from Michelbach (Austria), Athens
(Greece), Ankara (Turkey), and Wichita (Kansas, US). The new ephemerides are rather
different from the one we obtained from our 2003-2004 data, especially for the Blazhko
maximum. This may not only be due to a change in the Blazhko period, but also to the start
of a new 4-year cycle in RR Lyr.
HJD(Tmax)= 2453992.591 + 0.566885 ×Epuls
HJD(TBl.max)= 2453992.591 + 38.1 ×EBlazhko
Using Period04 (Lenz & Breger 2005), we clearly detected the triplet structures typical
for Blazhko stars and found in the earlier frequency analyses of RR Lyrae. Compared to our
data set from 2003-2004, we obtain different values for the main frequency and the Blazhko
frequency. The differences are small but significant. The results obtained with the VSAA (see
Kolenberg & Tsantillas, this proceedings) also confirm our observations of a shorter Blazhko
period.
Acknowledgments. Part of this research has been supported by the Austrian Fonds zur
Fo¨rderung der wissenschaftlichen Forschung, project numbers T359 and P19962.
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Figure 1: Upper panel: folded light curve of our RR Lyr data in the Johnson V filter. The full line
represents the mean light curve. Lower panel: residuals after subtracting the mean light curve.
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Abstract
We present time resolved echelle spectra of the planet-hosting subdwarf B pulsator
HS 2201+2610 and report on our efforts to extract pulsational radial velocity measurements
from this data.
Individual Objects: HS 2201+2610, HS0702+6043
HS 2201+2610 – a planet-hosting pulsating subdwarf B star
Pulsating subdwarf B stars oscillate in short-period p-modes or long-period g-modes. The
sdB star HS2201+2610 (V 391 Peg) is one of the three known hybrids (Lutz et al. 2008),
but it has become famous for different reasons. From its p-modes (Østensen et al. 2001,
Silvotti et al. 2002), a secular period change due to the star’s evolution has recently been
measured over a period of 10 years. Furthermore the O–C diagram has revealed a sinu-
soidal component which is explained by the presence of a planetary-mass companion (Sil-
votti et al. 2007). To determine the mass of the companion object, the inclination of the
orbit needs to be determined. Assuming alignment of the orbital, rotational, and pulsational
axes, it should be possible to derive the stellar inclination from a combination of rotational
splitting in the photometric frequency spectrum and the projected rotational velocity v sin i
from measured rotational broadening of spectral lines. The measured overall broadening must
be corrected for the broadening contribution due to pulsational radial velocities in order to
derive the rotational broadening. We therefore initially concentrate on extracting pulsational
radial velocities, which requires pulsation phase resolved data.
HET HRS echelle spectra
During two nights each in May and September 2007, spectra of HS 2201+2610
were taken with the HRS echelle spectrograph at the 9m-class Hobby-Eberly-
Telescope. The spectra in September were obtained as two series of 95 and 84
20 s-exposures at a resolution of ≈30 000. The resulting signal-to-noise at 5 000 A˚ is slightly
above 3 for individual spectra. When dividing the main pulsation period (349.5 s) into ten
phase bins and summing (on average 15) individual spectra corresponding to one phase bin,
we obtain a pulsation phase resolved series of ten spectra, each at a signal-to-noise of ≈ 9.
A similar data set has been obtained for HS 0702+6043 in January 2008.
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Preliminary results and outlook
The series of spectra covers the hydrogen Balmer series from Hβ to Hδ. These observed spec-
tral lines can be cross-correlated with those of an appropriate model spectrum. Our template
has been chosen at the spectroscopic parameters Teff=30 000K and log (g/cm s−2)=5.5,
close to those given by Østensen et al. 2001. From the cross-correlation results for Hβ we
do not reliably detect a sinusoidal variation with the phase, and instead give an upper limit
of 16 km s−1 for the pulsational radial velocity amplitude corresponding to the main photo-
metric period. Results for the other spectral lines and for further pulsation periods are work
in progress. This preliminary result, however, already implies that the broadening due to
the pulsational radial velocities is small, and it looks like the same is true for the rotational
broadening. So while the average of all spectra (including the May 2007 series) will help us
to refine the stellar parameters of HS 2201+2610 in a future spectral analysis, it remains a
challenge to use them to put constraints on the orbit solution for the planet.
Acknowledgments. The authors thank H. Edelmann for his help in obtaining the HET
spectra, and U. Heber for kindly providing grids of model spectra. This work has further
benefitted from the advice of S. Dreizler and R. Lutz. R. Kruspe thanks HELAS for financially
supporting the presentation of this poster through a conference fee waiver.
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Figure 1: Artist’s impression of the HS2201+2610 system roughly 108yrs ago, when the star, at maximum
red giant expansion, almost engulfed the planet.
c
© Image courtesy of HELAS, the European Helio- and Asteroseismology Network, funded by the European
Union under Framework Programme 6; Mark Garlick, artist.
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Abstract
We present the latest results of a multisite photometric campaign carried out in 2004-2007 on
the Algol-type eclipsing binary system CT Her, the primary component of which is a δ Scuti-
type pulsator with a main pulsation period of only 27 min. CT Her belongs to the new class of
oscillating Algol-type binary systems. We collected enough data in two passbands to perform
a modelling of the light curves using PHOEBE and detected up to 7 significant pulsation
frequencies in the frequency range between 45-53 d−1in the B-residual data (independent of
the adopted solution for the binary model). The remaining standard deviation of the ca. 7500
B-residuals spread over 4 years is 5.0 mmag.
Individual Objects: CT Her
Objective
From 2004 till 2007 we performed a long-term photometric study of CT Her, a pulsating
component of type δ Scuti in a classical Algol-type binary (also called oEA stars, MK04).
CT Her is an eclipsing binary of mag 11-12 and spectral type A3V+[G3IV] with a period of
1.7863748 days (SD04). Its primary component pulsates with a main period of 27 min and a
total amplitude of 0.02 mag (K04). The science case, the reasons for selection and the results
of a first photometric analysis were already described in a previous volume of CoAst (LS07).
We report here on the new results obtained after incorporating 2158 additional B-data points
collected at the Observatorio de Sierra Nevada in the year 2007.
New statistics and progress
The number of useful nights is 18 (filter V) and 47 (filter B). Our data sets now contain
slightly more than 1700 photometric measurements in the V filter and over 7500 ones in the
(Johnson) B filter.
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Table 1: Multi-parameter fit of the B-band residual data of CT Her
Ident. Freq. Formal error Ampl. σres S/N R (%)
(d−1) (d−1) (mmag) (mmag)
f1 52.936652 0.000012 3.1 5.8 14.1 –
f2 45.702243 0.000026 1.6 5.6 6.3 –
f3 49.203469 0.000016 2.4 5.4 9.9 –
f4 48.571026 0.000028 1.6 5.3 6.5 –
f5 51.249880 0.000021 1.9 5.2 8.2 –
f6 45.435821 0.000032 1.3 5.1 4.9 –
f7 49.642567 0.000038 1.2 5.0 4.9 35
We performed a simultaneous modelling of the data using the programme PHOEBE (ver-
sion 0.30, PZ05) which is based on the Wilson-Devinney code for solving binary light curves
and/or radial velocity data (W90). We used MODE 5 for a classical Algol-type configura-
tion. The surface temperature of the primary component was set to T1=8700 K (A3V) but
T1=8200 K (A5V) lead to an equally good fit. After subtraction of a consistent solution for
both light curves, small-amplitude oscillations with a peak-to-peak amplitude of 0.02 mag
were seen in the residual data. We performed the Fourier analysis with Period04 (LB05)
and computed successive periodograms after prewhitening of the strongest signal from each
previous run. The results of this new analysis are displayed in Table 1. Seven significant
frequencies were identified in the largest data set containing 7536 B-band residuals.
Conclusions
The pulsational behaviour of CT Her shows a complex, multiperiodic pattern of frequencies
which are all located in the range 45-53 d−1(32-27 min) and appear stable during the years
2004-2007. The binary parameters of CT Her are currently not uniquely determined and radial
velocities would be very useful in order to obtain a consistent determination of the absolute
parameters of this oscillating Algol-type binary. oEA stars offer the great challenge to study in
detail the connection between pulsation and mass transfer between the components of close
binary systems, also including the effects of tidal interaction.
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Abstract
We present a comparison of two methods developed to identify modes of nonradial pulsations
in eclipsing binary stars. The first method employs the techniques of Eclipsing Mapping
(EM), while the second is Direct Fitting of spherical harmonics (DF). Both methods use the
effective surface sampling of the eclipses and require photometric data only. The relative
merits of the methods are evaluated through tests on synthetic light curves.
Eclipse mapping
The EM method (Horne 1985) is an indirect imaging method used to obtain a best esti-
mate of the original brightness distribution on the stellar surface from photometric data. The
best estimate is selected using the Maximum Entropy principle, which chooses the distri-
bution with the least structure (information content) that still explains the observed data.
Application of EM to binary systems with pulsating components, explained in more detail by
Biro & Nuspl (2005), requires only a minimal set of assumptions about the nature of oscilla-
tions and the underlying stellar physics. These include the requirement of axial symmetry for
the pulsator (the tidal distortions need to be negligible) and small amplitudes of oscillations
(which mustn’t affect the shape of the star). We hope to relax these requirements further in
future development.
For successful application, the EM method needs detailed knowledge of the eclipsing
geometry of the binary, and frequencies of detected pulsations. The result is a reconstructed
image of the stellar surface, which can be analyzed quantitatively, based on the properties of
spherical harmonics, to estimate l and m.
Direct fitting of spherical harmonics
If the pulsational patterns can be represented as spherical harmonics - which is expected
for undistorted, slowly rotating stars - a system of spherical harmonics can be fitted to the
light curve directly. The DF method has the advantage of being a linear least squares fitting
procedure, thus offering a unique solution. It also requires much less computational effort,
since it assumes more about the solution than EM. More importantly, DF may also be used
to determine the orientation of the rotation axis using a special transformation property of






m′,m(α, β, γ)Yl,m′ (1)
where (α, β, γ) are Euler angles, and D is the Wigner rotation matrix (Edmonds 1960).
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DF method requires the same input as EM: the light curve, oscillation frequencies and
orbital elements of the binary. A mode with given (l, m), looked at from an arbitrary direction,
will show up as a linear combination of 2l + 1 spherical harmonics with the same l: an l-
multiplet. The method fits a model of l-multiplets for each mode in the data, and for all
possible combinations of l up to a predetermined maximal value. The best l is chosen using
χ2 statistics; then another fitting procedure is used to search for m and the Eulerian angles.
Comparison
We used synthetic light curves with three pulsational modes to test and evaluate both meth-
ods. Light curve calculation involves a simple model of the binary system, with spherical
stars, circular orbit, monochromatic radiation and linear limb darkening.
We devised a testing scheme allowing us to sample a large parameter space and gather
enough results to do statistics, while taking a reasonable amount of computer time. The
scheme is set up to randomly select parameters from predefined lists compiled under
physical constraints, making a series of unique and unbiased parameter sets. The relevant
parameters are given in Table 1, and the results of our tests (based on 70 test cases) in Table 2.
Parameter Range/value Reconstruction l hits [%] (l, m) hits [%]
Base flux 0.3 DF EM DF EM
Amplitude 0.001− 0.01 Single mode 84.3 48.6 61.6 41.7
l 1− 4 All modes 70.8 6.9 45.8 4.2
Frequency 0.1− 0.01Porb
Rprim 0.1− 0.5SMA Table 2: The percentages of exact mode
Rsec 0.1− 0.5SMA identifications by DF and EM methods for one out
Inclination 70◦ − 90◦ of three and all three modes present in the models.
Table 1: The modeling parameters
and their scope.
Conclusion
We compared two methods for mode identification in pulsating members of binary systems,
both based on photometric data only: the Direct Fitting of spherical harmonics, and the
Eclipse Mapping. The methods have been subjected to blind-testing using a grid of eclipsing
geometries and pulsation parameters; and while the first results suggest that DF is superior
in its ability to retrieve the spherical quantum numbers l and m, it must be noted that the
application of this method is strictly limited to spherical stars. We continue developing both
methods while awaiting for the opportunity to test them on real-life data.
Acknowledgments. This work was supported by Hungarian OTKA Grant No. F69039
and by the Ministry of Science and Technological Development of Serbia through project no.
146003, ”Stellar and Solar Physics”.
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Abstract
We investigate a spectroscopic time series of the oscillating Algol-type star TWDra to derive
basic system and stellar parameters and to prepare for mode identification. From the orbital
solution we derive precise masses and get disentangled spectra of the components by using
KOREL. For the primary we derive about solar abundance. Computed LSD profiles show
a puzzling picture of blue-to-red traveling bumps indicating a rich spectrum of nonradial
pulsations. Three pulsation frequencies could be found by using FAMIAS. A first attempt of
mode identification indicates that TW Dra shows high-degree modes in the range of l=7-12.
Individual Objects: TW Dra
Observations
TW Dra is a member of the recently established class of the oEA stars
(Mkrtichian et al. 2002, 2004), i.e. Algol-type systems with mass transfer where the
primary shows δ Sct-like oscillations. Its spectral type is A5V+K0 III. TW Dra is also part
of a close visual binary. The investigation is based on spectroscopic time series taken in
13 consecutive nights in 2007 with the 2-m telescope at TLS. Spectra have a resolution of
33 000 and cover 4 700–7 400 A˚.
Analysis
We used KOREL (Hadrava 2004) to derive the orbital solution and to disentangle the spectra
of the three components. KOREL also derived the timely varying line strengths (eclipses of
TW Dra, third component from the visual binary that contributes to the spectra in dependence
on seeing conditions and slit orientation of the spectrograph). From the obtained RV semi-
amplitudes and the inclination of the orbit of 86.4◦ known from photometry, we derived the
masses of the primary and secondary to 2.13 and 0.89 M

, respectively. The separation
of the circular orbit is 12.11 R

. Model atmospheres for the hot primary were calculated
with the LL-method (Shulyak et al. 2004) and synthetic spectra with the SynthV-method
(Tsymbal 1996). The values Teff=8150K and log g=3.88 were taken from the photometric
solution and fixed. From an iterative fit of the disentangled spectrum of the primary using
the 4895 to 5670 A˚ range, we derived the micro-turbulence to 2.9 km s−1, v sin i=47 km s−1,
and about solar abundance.
We obtained mean line profiles of high S/N by using the least squares deconvolution
technique (Donati et al. 1997). Fig. 1 shows the obtained profiles from some of the runs of
our time series. The puzzling picture of blue-to-red traveling bumps indicates a rich spectrum
of nonradial pulsations. For a first analysis, we only used profiles from out-of-eclipse phases
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Figure 1: Time series of LSD profiles. a) Original profiles. b) Shifted and corrected for the third component.
c) Differential profiles after subtracting the mean profile (in a running order). d) Central parts of profiles
(±50 km s−1) averaged into 25 pulsation phase bins. From top to bottom for f1 to f3.
which were shifted to the rest frame of the primary and cleaned for the contributions from the
second and third component by adjusting rotationally broadened Gaussian profiles (Fig.1c).
We used FAMIAS1 (Zima 2008) and applied the pixel-by-pixel method and successive pre-
whitening to determine the oscillation frequencies. We found three modes of f1=22.90 c d−1,
f2=14.06 c d−1, and f3=24.72 c d−1 but could not detect the 17.99 or 18.95 c d−1 found by
Kusakin et al. (2001) and Kim et al. (2003) in the photometry. The search in the line
profile moments gave no findings. Fig. 1d shows the traveling bumps after averaging the LSD
profiles into 25 pulsation phase bins folded with the corresponding period. In this way, the
contributions from all other modes are smeared out.
A first attempt to identify the modes with FAMIAS using the FPF method showed that
all three modes are high degree modes with l and m in the range of 7 to 12. No unique
identification neither in l nor in m could be derived so far. In a next step, we want to
improve the mode identification by improving the steps of data reduction to further reduce
the influence of the second and third components, using the much more time-consuming
multiple frequency analysis in FAMIAS in combination with a light curve analysis, and by
modeling the spectra during the eclipses (spatial filtration technique, Gamarova et al. 2003).
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Abstract
Using the azimuthal order, m, and the inclination angle, i, determined from spectroscopy,
the combination of two-color photometry and radial velocity data allows for simultaneous
extraction of the spherical harmonic degrees, , and intrinsic amplitudes, |ε|, of pulsation
modes. We present results for the identified modes observed in two well-studied δ Scuti stars:
FG Vir and 44 Tau. The correlation between observed photometric amplitudes and intrinsic
mode amplitudes is discussed.
Individual Objects: FG Vir, 44Tau
The method
Daszyn´ska-Daszkiewicz et al. (2003) proposed a method for inferring the spherical mode
degree, , and the complex parameter, f , which describes the relative bolometric flux variation
at the photosphere level, by combining photometric and spectroscopic data. If reliable mode
identification is available and the stellar inclination angle is known, this method can also be
used to derive intrinsic mode amplitudes, |ε| = 〈δr/R〉rms .
To apply this method, the photometric and spectroscopic data should preferably be gath-
ered simultaneously to avoid phasing problems. For two well-studied δ Scuti stars, FG Vir and
44 Tau, radial velocity data were aquired during simultaneous photometric campaigns. For
both stars, a sufficient number of modes was identified from spectroscopy and the inclination
angle was derived (Zima et al. 2006, Zima et al. 2007).
Results for the δ Scuti stars FG Vir and 44 Tau
The derived estimates show that most intrinsic mode amplitudes are around 0.001 for FG Vir,
with three modes exceeding this value significantly: ν1=12.716 c/d (=1), ν6=9.199 c/d
(=2) and ν13=12.794 c/d (=2). In 44 Tau, which is more evolved than FG Vir, the
intrinsic amplitudes of most modes are below 0.005. Similar to FG Vir, a few modes have
higher |ε| values: ν1=6.898 c/d (=0) and ν7=7.303 c/d (=2). More details on these
results can be found in Lenz et al. (2008).
In both stars, we find high intrinsic mode amplitudes for the =2 modes, e.g., in 44 Tau
the (,m)=(2,0) mode ν7 has an even larger |ε| than the radial fundamental mode, which is
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Figure 1: Correlation between derived values of |ε| and the observed Stro¨mgren y amplitudes divided by
the aspect factor of the mode, Y m (i, 0). The errors of the y amplitudes are smaller than the size of the
symbols. If the mode identification is ambiguous, the |ε| values for all possible (,m) values are shown
and connected by a line.
dominant in photometry. We examined the correlation between intrinsic and photometric am-
plitudes. To remove the effects of inclination and azimuthal order, the observed Stro¨mgren y
amplitudes were divided by the aspect factor of the mode, Y m (i, 0). Fig. 1 shows that for
a given spherical degree, the intrinsic mode amplitude, |ε|, is correlated with the observed
value of light amplitudes Ay. The correlation coefficient between Ay/Y m (i, 0) and |ε| is 0.70
for FG Vir and 0.76 for 44 Tau. To determine these values, only modes with unique mode
identification were used.
Conclusions
Knowledge of the |ε| values may provide important insights on mode selection in δ Scuti
stars and may yield empirical information to test nonlinear oscillation theory. Our results also
highlight the importance of obtaining multi-color photometry together with spectroscopy for
asteroseismic studies.
Acknowledgments. This research has been supported by the Austrian Fonds zur Fo¨rderung
der wissenschaftlicher Forschung. A. A. Pamyatnykh acknowledges support from the Polish
MNiSW grant No. 1 P03D 021 28.
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Abstract
CCD photometric observations of the Algol-type eclipsing binary TZ Eri have been obtained
in B and V filters during 26 nights from December 2007 to February 2008 at the Athens
University Observatory. The light curves are analyzed with the Wilson-Devinney code, new
geometric and photometric elements are derived, a time series analysis of the observations is
applied and a multiperiodic behavior is also discussed. The presence of a third light in the
system is considered and our results are compared with those of the O-C analysis for a third
body in the system, given by Zasche et al. (2008).
Individual Objects: TZEri
Light Curve Analysis and Pulsational Behaviour
The light curves were analyzed with the PHOEBE 0.29d software (Prˇsa & Zwitter 2005)
which uses the 2003 version of the Wilson-Devinney code running in MODE 5. The tempera-
ture of the primary component and the mass ratio of the system were set as free parameters,
using the model of Barblan (1998) as the initial solution while the temperature of the sec-
ondary component was fixed in the value derived from the B-V index of the same paper. The
contribution of a third light was also considered and the albedo of the secondary component,
A2 was set on 1, with respect to the reflection effect due to the large temperature difference
of the two components. The albedo A1 of the primary component, the gravity darkening
coefficients, g1 and g2 and the limb darkening coefficients, x1 and x2 were set to the the-
oretical values. The synthetic and observed light curves are shown in Figure 1 (left part),
while the derived parameters from the solution are listed in Table 1. The frequency analysis
was performed using the data points well outside the primary eclipse, which were substracted
from the theoretical light curves using the software Period04 (Lenz & Breger 2005). The
results of the frequency analysis are listed in Table 1. Fig. 1 (upper right part) shows the
periodogram of the frequencies which are well inside in the range of δ Sct type pulsations.
Solution in both filters indicates that the most significant frequency f1 is about 18.7 c/d while
multiple other lower frequencies appear in the periodograms, which are mainly the result of
the non-optimal substraction of the binary model and the variations of nightly mean levels not
pointed out in the figure. We did not find any reasonable frequency values with amplitudes
larger than 2 mmag after prewhitening these frequencies in each filter. Agreement between
the solution and the residuals on the longest day is also shown in Fig. 1 (lower right part).
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Figure 1: Observational and theoretical light curves (left part) and the periodogram and the frequency
analysis on the longest day of observations between the phases 0.405-0.515 (right part).
Table 1: Solution of the light curve and frequency analysis.
Light curve parameters Pulsational parameters
Parameter Value Filter Freq. Amp. S/N
i (degrees) 87.69(7) (c/d) (mmag)
q 0.1773(5)
T1, T2(K) 9307(20), 4562
a B 18.7174 8.3 18.2
Ω1, Ω2 6.323(12), 2.175 19.6126 3.2 6.7
[L1/LT ]B, [L1/LT ]V 0.9418(14), 0.8892(13)
[L2/LT ]B, [L1/LT ]V 0.0529, 0.0990 V 18.7177 7.3 11.7
[L3/LT ]B, [L1/LT ]V 0.0053(8), 0.0118(9) 20.6134 2.2 4.1
χ2 0.499967
aadopted
LT = L1 + L2 + L3
Discussion and Conclusions
The present light curve solution shows that TZ Eri is a semi-detached system with the sec-
ondary component filling its Roche Lobe. The primary component pulsates with a frequency
of 18.7 c/d showing pulsational characteristics very similar to those of a δ Sct star (5-80 c/d,
Breger 2000). The contribution of a third light in the system was found to be less than 1%
of the total light. The O-C study of the system, showed by Zasche et al.(2008), strongly
supports the existence of a tertiary component (M3,min ∼ 1.3M) revolving around the
eclipsing binary, where mass transfer occurs between the two components. These two inde-
pendent methods (the O-C analysis and the light curve analysis) come into agreement for the
mass exchange between the two components, but not for the existence of the tertiary one.
The photometric solution depends on the light contribution of the third body, while the O-C
analysis depends only on the period changes. A low luminosity star, having enough mass to
affect the binary’s orbit might be the connection key between these two methods of analysis.
Follow-up observations in other than optical wavelengths are necessary to study the existence
and the nature of the additional component.
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Abstract
We present the first photometry and spectroscopy obtained within the ongoing campaign on
h Persei (NGC 869).
Individual Objects: h Persei (NGC 869)
Introduction
We have recently increased the number of known β Cephei stars in h Persei (NGC 869) to
nine (Majewska-S´wierzbinowicz et al. 2008) showing that this cluster is equally a good target
for asteroseismic study, as well as its twin, χ Persei (Saesen et al. 2008).
The data and first results
The 2007 Bialko´w photometry was collected on 57 nights between February 17 and Novem-
ber 28 in UBV filters using our 60-cm Cassegrain telescope and Andor Tech. DW632
1250 × 1152 CCD camera. Frames were acquired in a sequence through B, V , and I
filters. The data were calibrated in a standard way and then reduced using Daophot package
(Stetson 1987). A sample light curves for four β Cephei stars, Oo 778, 803, 839, and 1001
(Ooosterhoff 1937), is presented in Fig. 1.
The follow-up spectroscopy for four cluster β Cephei stars (Oo 839, 962, 803 and 1001)
was also obtained in 2007 in David Dunlap Observatory (Canada) during 13 nights between
September 9 and October 3. The reduction of these data is underway; a sample spectrum of
Oo 839 is shown in Fig. 2. The 2007 photometric and spectroscopic data were intended to
be the first part of a multisite campaign on this cluster which we are going to carry out in
autumn-winter 2008/2009.
Acknowledgments. We are grateful to the EC for the establishment of the European Helio-
and Asteroseismology Network HELAS, which made our participation in this workshop pos-
sible.
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Figure 1: One-night B (top), V (middle) and I (bottom) light curves of β Cephei stars: Oo803, Oo839,
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Figure 2: A sample DDO spectrum of Oo839.
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The near-contact system BF Velorum: New BVRI photometry
and search for pulsations
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Abstract
A photometric analysis of the short-period eclipsing binary system BF Velorum, based for the
first time on complete new BVRI CCD light curves obtained by the authors, is presented.
Light variations characteristic of a pulsating component in the system are evident in these
light curves. The new photometric solution obtained with the Wilson-Devinney program
reveals that BF Vel is a semi-detached (near-contact) system with the secondary star filling
its Roche lobe. Absolute elements of the system were calculated, and the evolutionary status
of its members was determined. An analysis of the pulsation in the B filter using the Period04
program was also performed.
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Abstract
We report spectroscopic and photometric observations of ten δ Scuti stars and one eclips-
ing binary from the open cluster NGC 1817, and three δ Scuti stars from the open cluster
NGC 7062. For each target, we measure the projected rotational velocity, v sin i, the radial
velocity, RV , the effective temperature, Teff , and the surface gravity, log g. All stars are found
to be moderate or fast rotators. We classify three targets as new single-lined spectroscopic
binaries and one target as a double-lined spectroscopic binary.
Individual Objects: NGC1817, NGC 7062
Observations
The observations were carried out at the Nordic Optical Telescope (La Palma, Canary Is-
lands, Spain). We used the Andaluc´ıa Faint Object Spectrograph and Camera, ALFOSC,
for spectroscopy, and the ALFOSC/FASU setup with a set of uvbyβ Stro¨mgren filters for
photometry.
Analysis and Results
We derived Teff and log g for each target using the calibration of Napiwotzki et al. (1993) and
the Stro¨mgren indices of Balaguer-Nu´n˜ez et al. (2004) and Peniche et al. (1990) for stars in
NGC 1817 and NGC7062, respectively. We used these Teff and log g, and the ATLAS9 and
SYNTHE software (Sbordone 2005, Sbordone et al. 2004) to compute the model atmosphere
and the synthetic spectrum for each target.
We measured v sin i of the stars by comparing the observed spectrum with the synthetic
one. We used mainly strong hydrogen lines and, whenever possible, several metallic lines
from Table 3 of Rasmussen et al. (2002). We found that all our targets are moderate or fast
rotators and therefore difficult targets for asteroseismic analysis.
The radial velocities were computed in two ways: with the cross-correlation method and
the fxcor task provided by IRAF, and with the method described by Rucin´ski (1999). In both
cases we used synthetic spectra as templates.
Several stars show indications of variable radial velocity. NGC 1817-V1, -V18 and
NGC 7062-V1, we classify as new SB1 systems. In NGC 1817-V4, in the profile of the broad-
ening function we see the evidence of the presence of a secondary component, see Fig. 1, and
classify this star as a new SB2 system. The identification numbers of stars in NGC1817 and
NGC 7062 are from Arentoft et al. (2005) and Freyhammer et al. (2001), respectively.
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Figure 1: The broadening function of NGC1817–V04, observed on HJD 2 453 332.566. The two compo-
nents plotted with dashed lines are clearly visible. The combined fit consists of an instrumental broadening
convolved with a rotational broadening profile.
We note that in some cases it was difficult to see the difference between a binary and a
fast rotator with the spectroscopic resolution of ALFOSC. Also the observed high spread in
RV is partially due to the difficulty of measuring precise values of RV for fast rotating stars.
Acknowledgments. The data presented here have been obtained using ALFOSC, which is
owned by the Instituto de Astrofisica de Andaluc´ıa (IAA) and operated at the Nordic Optical
Telescope under agreement between IAA and the NBIfAFG of the Astronomical Observatory
of Copenhagen. We made use of the SAO/NASA Astrophysics Data System (ADS). J.M.-Z˙.
thanks the Danish Natural Science Research Council and the HELAS Consortium for the
financial support.
References
Arentoft, T., Bouzid, M. Y., Sterken, C., et al. 2005, PASP, 117, 601
Balaguer-Nu´n˜ez L., Jordi, C., Galadi-Enriquez, D., et al. 2004, A&A, 426, 827
Freyhammer, L.M., Arentoft, T., & Sterken, C. 2001, A&A, 368, 580
Napiwotzki, R., Scho¨nberner, D., & Wenske, V. 1993, A&A, 268, 653
Peniche, R., Pen˜a, J. H., Diaz-Martinez, S. H., et al. 1990, RMxAA, 20, 127
Sbordone, L. 2005, MSAIS, 8, 61
Sbordone, L., Bonifacio, P., Castelli, F., et al. 2004, MSAIS, 5, 93
Rasmussen, M.B., Bruntt, H., Frandsen, S., et al. 2002, A&A, 390, 109
Rucin´ski, S.M. 1999, IAU Coll. 170, ASPC, 185, 82
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
Nonradial Modes in Classical Cepheids
P. Moskalik1, and Z. Kolaczkowski2,3
1 Copernicus Astronomical Centre, ul. Bartycka 18, 00-716 Warsaw, Poland
2 Universidad de Concepcion, Departamento de Fisica, Casilla 160-C, Concepcio´n, Chile
3 Astronomical Institute, University of Wroclaw, ul. Kopernika 11, 51-622 Wroclaw, Poland
Abstract
Systematic search for multiperiodicity in the LMC Cepheids (Moskalik et al. 2004) has led to
the discovery of low-amplitude nonradial modes in a substantial fraction of overtone pulsators.
We present a detailed discussion of this new type of multimode behaviour. We also discuss
first detections of nonradial modes in FU/FO double-mode Cepheids.
Individual Objects: LMC
LMC Cepheids: Data and Analysis
Our search for multiperiodic variations in Cepheids of the Large Magellanic Cloud (LMC) was
performed with I-band DIA-reduced OGLE-II photometry (Z˙ebrun´ et al. 2001). The data was
analyzed with a standard consecutive prewhitening technique. First, we fitted the data with
a Fourier sum representing variations with the dominant (radial) frequency. The residuals of
the fit were then searched for secondary frequencies with a Fourier transform.
We analyzed all single mode and double mode Cepheids listed in the OGLE-II catalogs
(Udalski et al. 1999; Soszyn´ski et al. 2000), nearly 1300 stars in total. Full results of this
survey are presented elsewhere(Moskalik & Kolaczkowski 2008). Here we discuss only our
findings concerning the presence of nonradial modes in classical Cepheids.
First Overtone Cepheids
The OGLE-II catalog lists 462 first overtone (FO) Cepheids. We detected residual power
in 64 of them. In 42 variables, which constitute 9% of the entire LMC sample, we were
able to resolve this power into individual frequencies. (We consider two frequencies to be
resolved if 1/Δf < 600 days). Following notation originally introduced for RR Lyrae variables
(Alcock et al. 2000), we call these stars FO-ν Cepheids.
In most of the FO-ν Cepheids only one secondary peak was detected, but in several
variables two peaks were found. In all cases they have extremely small amplitudes. With
the exception of a singe star, the secondary-to-primary amplitude ratio, Aν/A1, is always
below 0.1, with the average value of 0.048. We note, that secondary peaks detected in the
LMC first overtone RR Lyrae stars are typically almost an order of magnitude stronger, with
Aν/A1 = 0.31 on average (Nagy & Kova´cs 2006).
It is easy to check, that period ratios measured in FO-ν Cepheids are not compatible with
those of the radial modes. This implies, that the secondary frequencies detected in these
pulsators must correspond to nonradial modes of oscillations.
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The secondary frequencies in FO-ν Cepheids come in two different flavours. In 37 variables
they are located close to the primary (radial) frequency, within |Δf| < 0.13 c/d. In 84% of
cases, secondary frequencies are lower than the primary one (Δf < 0). When two secondary
peaks are present, they always appear on the same side of the primary peak. In 7 FO Cepheids
a secondary periodicity of a different type was found: a high frequency mode, with the period
ratio of Pν/P1 = 0.60− 0.64. Such a period ratio places the nonradial mode just below the
frequency of the (unobserved) fourth radial overtone. The two types of nonradial modes are
not mutually exclusive. Indeed, in two Cepheids both a high frequency secondary peak and a
secondary peak close to the primary frequency were found.
Although the population of FO Cepheids in the LMC extends down to periods as short as
0.4 day, we detected nonradial modes only in stars with P1 > 1.2 day. In fact, the incidence
rate of nonradial modes systematically increases with the primary pulsation period, reaching
19% for stars with P1 > 3.0 day. We interpret this behaviour as a selection effect: the
Cepheids with longer periods are brighter, consequently it is easier to detect very low amplitude
secondary periodicities in their lightcurves. If so, then the true incidence rate of nonradial
modes in LMC overtone Cepheids can be significantly higher that 9% derived in this survey.
Fundamental Mode Cepheids
OGLE-II catalog lists 719 fundamental mode (FU) Cepheids. We searched all of them for
secondary periodicities. We found no nonradial modes in the FU Cepheids of the LMC.
FU/FO Double-Mode Cepheids
In the course of systematic frequency analysis of OGLE-II Cepheids, we discovered 4 new
fundamental/first overtone (FU/FO) double mode pulsators. Together with stars listed in
the OGLE-II catalog, this brings the total number of LMC Cepheids of this class to 23. We
found nonradial modes in 3 of them. These are the first detections of nonradial modes in the
FU/FO double-mode Cepheids. In the following, we call these stars FU/FO-ν Cepheids. In
two cases the secondary mode appears very close to the first (radial) overtone. The values
of the frequency differences Δf = fν − fFO are very similar to those observed in the FO-ν
Cepheids. In the third star, the secondary mode was found at a high frequency, with a period
ratio of Pν/PFO = 0.623. This is the same mysterious period ratio, which is frequently
observed in the FO-ν Cepheids. Clearly, nonradial modes detected in the FU/FO-ν Cepheids
are somehow related to the first radial overtone and their frequencies are drawn from the
same distribution as in the case of the FO-ν Cepheids.
Acknowledgments. This work was supported by MNiSW grant no. 1 P03D 011 30.
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Abstract
We have conducted a systematic search for multiperiodic pulsations in RR Lyrae-type stars
of the globular cluster ω Centauri. Secondary periodicities close to the primary pulsation
frequency have been detected in 17 out of 70 studied fundamental mode pulsators (RRab)
and in 31 out of 81 overtone pulsators (RRc). Because of the observed period ratios, these
newly detected periodicities must correspond to nonradial modes. Their beating with the
primary radial pulsation leads to a slow amplitude and phase modulation, commonly referred
to as the Blazhko effect. The incidence rate of Blazhko modulation in ω Cen RRab stars
(24± 5%) is similar to that observed in the Galactic Bulge. In the case of ω Cen RRc stars,
the incidence rate of Blazhko effect is exceptionally high (38± 5%), more than 3 times higher
than in any other studied population.
Individual Objects: ω Cen
Results
We have conducted a systematic search for multiperiodic pulsations in RR Lyrae-type stars of
ω Centauri. We used data of the Cluster AgeS Experiment published by Kaluzny et al. (2004).
We have detected secondary periodicities close to the primary pulsation frequency in
17 out of 70 fundamental mode pulsators (RRab stars) and in 31 out of 81 first overtone
pulsators (RRc stars). The derived period ratios are incompatible with those of the radial
modes and must correspond to nonradial modes of oscillations.
In RRab variables two secondary peaks have been detected in most cases. Together with
the primary peak, they form an equally spaced triplet of frequencies, centered on the primary
peak (RRab-BL stars). In 3 RRab variables only one nonradial mode is present (RRab-ν1
stars). Finally, a more complicated pattern of four nonequidistant peaks has been found in
variable V11.
In RRc variables usually only one nonradial mode has been detected (RRc-ν1 stars).
Equidistant triplets have been found only in 4 variables (RRc-BL stars). However, more
complicated patterns are seen in RRc stars much more frequently than in RRab stars. In 6
variables we have detected nonequidistant triplets of modes. In 4 other RRc stars, even richer
frequency patterns with up to seven nonradial modes have been found.
Our findings are summarized in Tables 1. In ω Cen RRab stars the incidence rate of
nonradial modes is 24.3± 5.1%. This is twice the rate observed in the LMC, but roughly the
same as the rate in the Galactic Bulge. For ω Cen RRc stars the incidence rate of nonradial
modes is 38.3± 5.4%, which is exceptionally high. This is by far the highest rate among all
studied RRc populations, being ∼3 times higher than in the Bulge and ∼4 times higher than
in the LMC.
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Table 1: Incidence rates of nonradial modes in RR Lyrae-type stars of Large Magelanic Cloud, Galactic
Bulge and ω Centauri.
LMC Bulge Bulge ω Cen
Alcock et al. Mizerski Collinge et al. this work
(2003) (2003) (2006)
RRab 6158 1942 1888 70
RRab-ν1 400 6.5% 243 12.5% 167 8.8% 3 4.3%
RRab-BL 331 5.4% 143 7.4% 282 14.9% 13 18.6%
RRab-other 20 0.3% 86 4.4% 75 4.0% 1 1.4%
All NR 751 12.2% 472 24.3% 524 27.8% 17 24.3%
LMC LMC Bulge ω Cen
Alcock et al. Nagy & Kova´cs Mizerski this work
(2000) (2006) (2003)
RRc 1143 1161 771 81
RRc-ν1 24 2.1% 46 4.0% 22 2.9% 17 21.0%
RRc-BL 28 2.4% 53 4.6% 30 3.9% 4 4.9%
RRc-other 8 0.7% 13 1.1% 41 5.3% 10 12.3%
All NR 60 5.2% 112 9.6% 93 12.1% 31 38.3%
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Main sequence pulsating stars in the Galactic disk
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Abstract
The analysis of the OGLE-II photometry in Galactic fields revealed variability of about 9500
stars brighter than 17 mag and periods shorter than 5 days. Regarding their amplitudes
and periods, we conclude that this sample of variable stars consists mainly of main sequence
pulsators, namely β Cephei, SPB, δ Scuti and γ Doradus. However, we cannot exclude that
other types of variability e.g. ellipsoidal binaries or low-amplitude W UMa stars contaminate
the sample. Since periods and amplitudes alone are not sufficient to make unambiguous
classification, we have supplemented the OGLE-II observations with the UBV photometry
collected with 1-m telescope in Siding Spring Observatory.
The OGLE-II data analysis
Searches for the new main sequence pulsators in the currently available databases require
large computational power and algorithms which can be run in the automated way. Both
these needs come from the fact that the databases contain very often photometry of several
millions of stars. Currently, we implemented algorithms which require only a small amount of
interactive work.
As a continuation of our searches for main sequence pulsating stars in the large pho-
tometric databases (Narwid et al. 2006, 2007, Pigulski 2005, Pigulski & Pojman´ski 2008),
we have analysed OGLE-II (Udalski et al. 1997, Szyman´ski 2005) photometry of 3.8× 105
stars obtained in 21 Galactic fields situated in Carina, Centaurus, Norma and Scorpius. The
observations were carried out in the years 1997–2000 and covered roughly 4.6 square degrees
in the sky.
Our analysis of OGLE-II photometry consisted of the automatic extraction of up to five
terms in Fourier amplitude spectrum and consecutive pre-whitening of the periodicities which
were found. At each step of pre-whitening, we checked if the new frequency is a combi-
nation, harmonic or subharmonic term. Neural networks were used as a relatively fast and
automatic classification method. We have tested ten different architectures of networks (dif-
ferent quantity of hidden layers) for which we used a mixture of periods, amplitudes and
optionally colour indexes for known β Cephei, SPB, δ Scuti and γ Doradus stars as training
data. This analysis was done for all 380,000 stars brighter than 17 mag found by OGLE-II
in the fields mentioned above. We have also supplemented OGLE-II observations with the
UBV photometry collected with 1-m telescope in Siding Spring Observatory in 2007. Because
the periods and amplitudes we derived are not sufficient to make unambiguous classification,
we used the UBV photometry to distinguish between different types of pulsators, especially
between β Cephei and δ Scuti stars.
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Preliminary results
Using OGLE-II light curves for stars in the Galactic disk, we searched for main sequence
pulsating stars, namely β Cephei, SPB, δ Scuti and γ Doradus stars. For this reason, our
search was focused on stars that showed well-defined periodic variations with periods shorter
than 5 days. In total, we found about 9500 such variable stars. Many of them appeared
to be multiperiodic which is a very strong indication of pulsations as a cause of variability.
The majority of them (86 %), however, shows mono-periodic variability in brightness. This
result is clearly a consequence of not-so-good detection threshold and low amplitudes that
are typically observed in main sequence pulsators. The distribution of periods shows many
stars with periods in the range between 0.8 and 1.25 d. This range is typical for SPB and
γ Doradus stars, but we cannot exclude other types of variability, especially in the case of
monoperiodic stars. The distribution we mentioned has another maximum for periods equal to
about 0.03 d, which corresponds to δ Scuti type of variability. The amplitudes of the variables
are small, typically below 20 mmag, but there are stars with amplitudes up to 0.2 mag.
There are about 150 multiperiodic variables that show both short-period (typical for
β Cephei and δ Scuti) and long-period (with periods typical for SPB or γ Doradus) vari-
ability. They are good candidates for hybrid β Cephei/SPB stars or δ Scuti/γ Doradus stars.
Such stars were discovered recently and are seem particularly interesting targets for advanced
seismic studies.
In the instrumental colour-colour diagram, (U−B) vs. (B−V), β Cephei and δ Scuti
separate quite well. Therefore, the UBV photometry carried out in the OGLE-II Galactic
fields allowed us in most cases to distinguish between β Cephei and δ Scuti stars. However,
due to the limiting magnitude of the U-filter photometry, this was only possible for the
brightest stars.
Acknowledgments. We are grateful to the EC for the establishment of the European Helio-
and Asteroseismology Network HELAS, which made our participation at this workshop pos-
sible.
References
Narwid, A., Pigulski, A., & Kolaczkowski, Z. 2007, CoAst, 150, 181
Narwid, A., Pigulski, A., Kolaczkowski, Z., & Ramza, T. 2006, MmSAI, 77, 342
Pigulski, A. 2005, AcA, 55, 219
Pigulski, A., & Pojman´ski, G. 2008, A&A, 477, 917
Szyman´ski, M. 2005, AcA, 55, 43
Udalski, A., Kubiak, M., & Szyman´ski, M. 1997, AcA, 47, 319
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
The pulsations of the B5IVe star HD181231 revealed by CoRoT
C. Neiner1, J. Gutierrez-Soto1,2 , Y. Fre´mat3, M. Floquet1 , A.-M. Hubert1, B. Leroy2, B.
de Batz1, A.-L. Huat1, C. Martayan1,3, L. Andrade4, M. Emilio5, J. Fabregat6 , W.
Facanha4, E. Janot-Pacheco4 , and J. Suso6
1 GEPI, Observatoire de Paris, CNRS, Universite´ Paris Diderot;
5 place Jules Janssen, 92190 Meudon, France
2 LESIA, Observatoire de Paris, CNRS, Universite´ Paris Diderot;
5 place Jules Janssen, 92190 Meudon, France
3 Royal Observatory of Belgium, 3 avenue circulaire, 1180 Brussel, Belgium
4 Universidade de Sao Paulo, Brazil
5 Universidade Estadual de Ponta Grossa, Brazil
6 Observatori Astrono´mic de la Universitat de Vale´ncia
Abstract
We present the first results of the analysis of the light curve of the B5IVe star HD181231
obtained during a long run (5 months) of the CoRoT mission. The light curve shows clear
pulsations and even beating effects. Several frequencies are detected. Ground-based spec-




HD 181231 is a B5IVe star of magnitude V=8.58 observed by CoRoT during 156 days (see
Fig. 1). The fundamental parameters of this star have been determined from 72 high-
resolution FEROS spectra (PI Poretti): Teff ∼ 13700 K, logg ∼ 3.63, vsini ∼ 169 km/s.
Using an angular velocity of 80 to 99% of the critical angular velocity, this results in i ∼ 40
deg and frot ∼ 0.95 c.d−1. For frot to be below 0.7 c.d−1 would require extra mixing in
HD 181231.
Results
The CoRoT light curve shows variations with a maximum amplitude of 11 mmag (Fig. 1)
and a peak-to-peak point scatter due to noise of less than 0.8 mmag. A frequency search
provides ∼30 frequencies. However, most of the variations, including the clear beating effect,
can be reproduced using only 2 independent frequencies, f1 = 0.62 c.d−1, f2 = 0.69 c.d−1,
and the first harmonic of f1.
A study of the line-profile variations in the FEROS data of this star has also been per-
formed. The frequency f2 is detected in spectroscopy as well. A phase diagram indicates
that it corresponds to a pulsation mode dominated by l=3 or 4. Other frequencies observed
with CoRoT are not detected in spectroscopy.
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Figure 1: Full 156-day (left) and zoom (right) of the detrended CoRoT light curve.
Discussion and conclusion
The high accuracy of the CoRoT data and the length of the observations (156 days) allows us
to detect ∼30 frequencies in HD 181231 with a frequency resolution of 0.006 c.d−1 (75 nHz).
In particular, two main frequencies are detected: one of them (f2) corresponds to a pulsation
mode with l=3 or 4, as shown from spectroscopy, the other one (f1 or 2*f1) could be
interpreted in terms of pulsation as well. None of these two frequencies correspond to the
rotation frequency as determined from spectroscopy. Harmonics and combinations of these
frequencies are also detected. Finally, additional frequencies, probably due to other pulsation
modes, are detected with a smaller amplitude and much less impact on the light curve. The
identification of these modes will require models taking into account the specificity of Be
stars, in particular fast rotation.
Acknowledgments. We wish to thank the CoRoT team and E. Poretti.
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Atmospheric parameters of the β Cephei star HD 167743
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Abstract




HD 167743 = BD -15o4909 = ALS 9453 (α(J2000)=18h17m16s, δ(J2000)= 15o27’06”,
V = 9.59mag) is the β Cephei variable discovered by Pojman´ski & Maciejewski (2005) on the
basis of ASAS data. The pulsational spectrum of HD 167743 consists of at least three frequen-
cies, indicating that this object is an attractive target for asteroseismology (Pigulski 2005).
Seismic modelling of the β Cephei variables is an important tool in understanding the physics
of early B-type stars on (or close to) the main sequence. A good knowledge of their atmo-
spheric parameters and chemical abundances is an essential input for correct mode identifica-
tion and interpretation of internal structure of these stars. Here we present the atmospheric
parameters and chemical abundances of HD 167743.
Observations and analysis
Five high-resolution (R = 48000), high signal-to-noise (S/N ∼ 100) spectra of HD167743
were obtained in May 2007 with the FEROS spectrograph at the ESO 2.2-m telescope at La
Silla Observatory, as part of the 079.A-9008(A) program. The exposure times ranged from
420 to 1500 seconds. The spectral range extended from 3600 to 9200 A˚. All five spectra
were normalised, cross-correlated and co-added in order to eliminate the effect of pulsations
and to increase the quality of the spectrum.
In order to determine synthetic spectra, we used the hybrid method, that combines the
LTE and NLTE approaches. First, hydrostatic, plane-parallel, line-blanketed LTE models
of the atmospheres were calculated with the ATLAS 9 code (Kurucz 1996). Then, NLTE
population numbers and synthetic spectra were derived using DETAIL and SURFACE codes
(Butler 1984). The DETAIL code solves radiative transfer and statistical equilibrium equa-
tions, while the SURFACE code calculates the spectrum.
The adopted method of analysis consisted of comparison of high-resolution spectrum fobs
with theoretical spectra fteo. The shape of the spectrum depends on many parameters, like
effective temperature Teff , surface gravity log g, chemical abundances of elements log X,
radial velocity Vrad, rotational velocity V sin i and microturbulence ξ. The value of effective
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Table 1: Average NLTE abundances log X (by convention, log H = 12) and He/H value, together with
errors : line-to-line scatter (σi), variation of abundance for ΔTeff = ±1000 K (σTeff ), the same for
Δ log g = ±0.1 dex (σlog g) and for Δξ = ±1 km s−1 (σξ). The total error σTot is calculated as







1/2. The number of analysed lines is given between brackets.
The last column gives the solar abundances derived from 3D hydrodynamical models (Grevesse et al. 2007).
He/H (5) C (5) N (12) O (18) Al (3) Si (7) S (1) Fe (6)
log X 0.144 8.43 7.81 8.75 6.33 7.41 7.27 7.40
σi 0.025 0.094 0.141 0.107 0.256 0.247 0.120 0.077
σTeff 0.003 0.120 0.025 0.110 0.080 0.045 0.125 0.015
σlog g 0.004 0.001 0.015 0.060 0.055 0.030 0.035 0.045
σξ 0.011 0.040 0.030 0.055 0.120 0.035 0.040 0.020
σTot 0.028 0.158 0.147 0.174 0.299 0.255 0.181 0.093
Sun 0.085 8.39 7.78 8.66 6.37 7.51 7.14 7.45
temperature was determined from the analysis of Si lines in different ionization stages. Sur-
face gravity was calculated from Balmer lines. Microturbulence was derived from O II lines of
different strength. In order to optimize the other parameters, we used classical least-squares
fitting method (LS-method), i.e. we minimized the differences between observed and theo-






˜1/2 . In the LS-method, the corrections to analysed
parameters were determined in each iteration step. The process was repeated untill the best
set of parameters in question was obtained.
Results and conclusions
We determined Teff =24500 K, log g =3.8 dex, ξ =5 km s−1 and abundances of chemical
elements of new β Cephei star HD 167743. The adopted errors of Teff , log g and ξ result
from steps in our grid of theoretical fluxes, and are equal to 1000 K, 0.1 dex and 1 km s−1,
respectively. We found moderate rotational velocity, V sin i =57±6 km s−1, allowing for
abundance analysis. The derived chemical abundances are presented in the Table 1. Eight
elements were considered: He, C, N, O, Al, Si, S and Fe. For all but one element (sulphur),
more than one spectral line was available. Within the errors, all obtained values are consistent
with the solar abundances. Only helium abundance is a little higher than the solar one. The
overall metallicity Z =0.014±0.002 was calculated assuming that all elements not considered
in this work have solar abundances as in the paper of Grevesse et al. (2007). All the pulsational
and atmospherical characteristics of HD 167743 indicate that this is an interesting object for
further observations and seismic modelling.
Acknowledgments. I am very grateful to Thierry Morel for making the grid of theoretical
NLTE fluxes accessible to me, and for all his useful comments. I acknowledge the financial
support of the HELAS Consortium.
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Abstract
We have acquired time series of high resolution Echelle spectra for the bright pulsating
subdwarf B star Balloon 090100001. The data consist of six nights spanning from August
to December, 2006. At least five independent frequencies are retrieved from the frequency
analysis, both in the p- and the g-mode domain. Preliminary results on mode identification
for the dominant peak are presented.
Individual Objects: Balloon 090100001
Introduction
The relative faintness of pulsating B-type hot subdwarfs (sdBs, B ≥ 12) difficults their
asteroseismic study, since the required precision for an observational mode identification is
extremely demanding. Here we attempt the application of line profile variations analysis for
the dominant mode of the pulsating sdB Balloon 090100001. With this purpose, we acquired
with FIES@NOT ∼1600 high resolution spectra over 6 nights from August until December,
2006.
Frequency analysis
Cross-correlation profiles (ccp’s) were produced for each individual frame, merging the infor-
mation from metal lines into a single profile with higher signal-to-noise. The software package
FAMIAS (Zima 2008) was used to compute the amplitude spectrum of the time series ccp’s,
shown in Fig.1. While a further analysis will be presented elsewhere, we note the dominant
peak at 2.80744 mHz (f), and the first confirmed spectroscopic detection of g-modes in an
sdB star.
Phase folding to the dominant mode
Since f has been accurately determined, frames within the same phase-bin were combined
to further increase the signal-to-noise. The equivalent width (EW) and first three moments
computed for 25 phase-bins are plotted in Fig.1. The EW and 1st moment vary with a
phase shift of ∼ π/2, as expected for adiabatic oscillations. The 2nd moment shows a clear
dependence with 2f , a signature of an m = 0 mode (Aerts et al. 1992), in agreement with
Baran et al. (2008) and Telting et al. (2008). In a forthcoming paper, we will constrain the
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Figure 1: Top panel: amplitude spectrum obtained from the time-series ccp’s. Bottom four panels: EW
and first three moments computed for 25 phase-folded ccp’s, using f = 2.80744 mHz. In red, a sin(f)
fit, sin(2f) for the 2nd moment.
dominant peak mode identification (MI) using moments information. MI for other modes will
be also explored, as well as the influence of temperature effects on MI.
Acknowledgments. RO, CA and RØ are supported by the K.U.Leuven Research Council,
under grant GOA/2003/04.
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Abstract
In order to interpret our extensive spectroscopic time-series of the high amplitude sdBV pul-
sator Balloon 090100001 we have undertaken an extensive exercise to model the variations in
effective surface temperature, gravity, velocity as well as photometry throughout the pulsa-
tional cycle for different pulsational  and m’s. Here we present the results of this modelling
demonstrating that the amplitude ratios of temperature and gravity, as determined by clas-
sical fitting of observed spectra on model grids, can be used as reliable indicators of the
pulsational degree .
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Abstract
Among the methods used to investigate the effect of rotation on oscillation frequencies of
stellar pressure modes, we consider here perturbation techniques and direct numerical inte-
grations of a two dimensional eigenvalue system − nonperturbative approach.
Knowing the accuracy of asteroseismic data provided by CoRoT, the issue is to determine
whether it is sustainable to take the effect of rotation on stellar oscillations into account with
a perturbative approach, or if we should adopt a nonperturbative method that could be much
heavier numerically.
The aim of this study is to determine the limits − in terms of rotational angular velocity −
of a perturbative approach to model the effects of rotation on both structure and oscillation
frequencies.
Until now, 2D nonperturbative oscillation code has only been developed for polytropic
models but not for realistic models of stars. Thus, we have used a polytropic model to
compare the results of a 2D nonperturbative oscillation code provided by D. Reese, and a 1D
second order perturbative one.
For models whose angular velocity of rotation is that of a δ Scuti type star, say 70 −
145 km s−1 , we find a relative frequency difference between the results of the two codes of
0.03% to 0.17%. Considering an optimistic evaluation of uncertainties on CoRoT frequency
splittings mesurements − 0.2 μHz about 500 μHz: relative frequency uncertainty 0.04% −
we can already conclude that the perturbative method seems to be acceptable for a 2 solar
radius star up to about 100 km s−1 but not further. We expect to push the validity limits of
this method a little further taking into account additional corrections such as near-degeneracy
coupling − work in progress.
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Abstract
Empirical determination of the physical characteristics of RR Lyrae stars is important be-
cause their accurate modeling requires knowledge of precise metallicity, effective tempera-
ture, surface gravity, luminosity and period of pulsation. Some of these parameters can be
estimated from Fourier light curve decomposition (Simon & Clement 1993). Furthermore,
uvbyβ photoelectric photometry can also be used to estimate some physical parameters from
the comparison with synthetic colours (Lester et al. 1986). Stro¨mgren uvbyβ photometry of
the RR Lyrae stars RU Piscium (RRc), SS Piscium (RRc) and TU UMa (RRab) has been
acquired. We report the values of Teff , MV , [Fe/H] and log g.
Individual Objects: RUPsc, SS Psc, TU UMa
Observations
The uvbyβ data were acquired in June-July of 1989, 1992, 1995, 2004, 2005 and 2008 at
the San Pedro Ma´rtir (SPM) Observatory, Mexico, with a six-channel spectrophotometer
attached to the 1.5 m telescope.
Period determination
• RU Psc. The period given by Kholopov et al. (1987) and Mendes de Oliveira &
Nemec (1988) of 0.390385 d was proved incapable of producing a coherent light curve
in our observations. A period analysis of our whole data set of 321 points spanning
2148 days with PERIOD04 (Lenz & Breger, 2005) yielded a period of 0.391299 d ±
0.000001 d.
• SS Psc. Kholopov’s period of 0.28779276 d produced small maximum light displace-
ments in several seasons with 133 data points spanning 1090 days. Analyzing both the
times of maximum light listed by GEOS (Groupe Europe´en d’Observation Stellaire) and
our times of maxima, we see that the period shows a clear secular decrease.
• TU UMa. Wade et al. (1999) have discussed the binary nature of this star and suggest a
pulsational period of 0.558 d. The period 0.557659 d is given by Kholopov et al. (1987).
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Table 1: Physical parameters from the calibrations for the studied RR Lyrae stars
ID [Fe/H]ZW log Teff MV log L/L d (pc) < log Teff > < logg >
RU Psc −1.56 3.86 0.56 1.663 730 3.88 3.5
SS Psc −0.20 3.88 0.60 1.674 1050 3.88 3.7
TU UMa −1.78 3.80 0.66 1.650 590 3.88 3.8
Physical parameters
We have used the calibrations of Simon & Clement (1993), Kova´cs (1998) and
Morgan et al. (2007) to determine Teff , MV and [Fe/H] respectively for the RRc stars
and similarly the calibrations of Jurcsik (1998), Kova´cs & Walker (2001) and
Jurcsik & Kova´cs (1996) for the RRab star. The results are compiled in columns 2-4
of Table 1. The values of [Fe/H] are given in the scale of Zinn & West (1984). We have
interpolated the reddening from objects in the vicinity of the program stars to estimate
E(b − y) = 0.1. Magnitude-weighted magnitudes and colours, when compared with syn-
thetic colours, led to the temperature and gravity values listed as < log Teff > and < log g >
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Abstract
We investigate the effects of perturbing the chemical transition of the Brunt-Va¨isa¨la¨ frequency
and sound speed in an equilibrium model of a sdO on the trapping and tendency to instability
of modes.
Perturbation analysis
sdOs lie in a wide domain in the HR diagram, connecting sdB and post-AGB stars
with their final fate as low-mass white dwarfs. The unique pulsating sdO discovered by
Woudt et al. (2006) is a very fast multiperiodic pulsator. Our theoretical attempts to
find p-mode pulsations in sdO models with uniform metallicity failed (Rodr´ıguez-Lo´pez
et al. 2007, 2006). Fortunately, Fontaine et al. (2008a, 2008b) succeed in driving pulsations
in a couple of sdO models which include radiative levitation of iron.
We explore the behaviour of an sdO model (Teff=45 000 K, log g= 5.26) which presents an
oscillatory behaviour of the growth rate with frequency, both in the g- and p-mode spectrum.
The non-uniform distribution of the kinetic energy, and the deviation of the mean period (large
frequency) spacing for g-(p-)modes resembles the mode-trapping phenomenon caused by the
potential barrier produced by the composition transition regions in Brunt-Va¨isa¨la¨ frequency,
described extensively for sdBs (Charpinet et al. 2000).
We have investigated the effects of canceling out the He-H and C/O-He chemical tran-
sitions of Brunt-Va¨isa¨la¨ frequency and sound speed on the mode’s tendency to instability
(Figure 1). To do this, we wrote the model’s variables as function of the perturbations
δN2, δc2.
We find that g-mode trapping is mainly caused by the He-H chemical transition in the
Brunt-Va¨isa¨la¨ frequency, while the C/O-He transition has no significant effect. From a non-
adiabatic analysis we find that this mode trapping provides a weak selection mechanism, in
the way that trapped modes oscillate with lower amplitudes in the innermost damping region
of the star. Thus,trapped modes show lower values of the kinetic energy and higher values
of the growth rate, and hence more tendency to be driven. The canceling of the He-H and
C/O-He transition regions do not have any significant effect on the p-mode spectrum, and
in principle, cannot be associated to mode trapping effects.
Acknowledgments. CRL would like to thank HELAS for financial support. She also ac-
knowledges an A´ngeles Alvarin˜o contract under Xunta de Galicia.
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Figure 1: Kinetic energy (up, left axis) and growth rates (down, right axis) vs. radial order for g-modes
in the original and perturbed models. When the He-H transition is canceled (solid line), trapped modes
vanish, revealing that this region is the main responsible for their occurrence. When the sharpest peak in
the C/O-He transition is canceled (plus symbols), we still have the pattern of trapped modes.
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Spectroscopy of pulsating stars at Poznan Spectroscopic Telescope –
data reduction and radial velocity measurements
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Abstract
Radial velocity curves obtained with the new Poznan Spectroscopic Telescope (PST) are
presented. PST is a small instrument located near Poznan´, Poland, equipped with a fibre
fed echelle spectrograph. One of the first observed objects was γ Peg, a bright B2IV β Cep
type pulsator. It was found to have a period of P= 3.4h and an amplitude of vrad variations
of 3.5 km/s. Another star observed at PST, 28 And, is a member of the δ Sct family. For
this object a pulsational period of 1.66h could be determined.
Individual Objects: γ Peg, 28And
Introduction
We present the results of radial velocity measurements for pulsating stars obtained with
Poznan´ Spectroscopic Telescope (PST) operating at Borowiec Observing Station near Poznan´.
Observations on PST have been performed since August 2007. During the 10 months ob-
servational period we accumulated about 700 h of observation, collecting about 1100 stellar
spectra. Results of radial velocity measurements with PST so far show a stability down to
a level of 100 m/s.
The telescope was built as a small instrument assigned for the medium resolution spec-
troscopic observations of variable stars. It is a binary telescope with two 0.4 m parabolic
mirrors of which only one is currently operational. For the summer 2008, an upgrade to two
0.5 m mirrors is planned. It is expected that from autumn 2008 onwards, both mirrors will
be working, acquiring parallel spectra that will be combined during the reduction process.
The optical characteristics of the PST were chosen to fit a double-fibre echelle spectro-
graph of R= 35 000 resolution, which was built in advance. The spectrograph’s optical
design is borrowed from MUSICOS (Baudrand J & Bohm T 1992) and the rest is custom-
made. The spectral range of this instrument covers 64 echelle rows from 4500 A˚ to 9200 A˚.
The PST observing program includes pulsating stars like δ Sct, β Cep, δ Cep and SPB
as well as spectroscopic binary stars and, with its limiting magnitude increased soon, extrasolar
planetary systems.
Observations and data reduction
The exposure time at PST varies from 150s for the brightest stars to 1800s for stars of 11m,
our limiting magnitude. Wavelength calibration is based on the mean of two Th-Ar spectra
obtained before and after each object exposure.
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28And (A7 δScuti; P=1.66h)
Poznan Spectroscopic Telescope; 34 Spectra (10-21 Nov 2007)
Figure 1: Left panel: Radial velocity curve for γ Peg phased with the frequency of 6.59140±0.00151 c/d
Right panel: Observations of 28And were a good test of PST’s capability of observing short-period stars.
600s exposure covers about 10% of pulsational period for this star.
The data reduction is performed with the Image Reduction and Analysis Facility (IRAF)
package. From our spectrum 64 echelle rows are extracted. Either well exposed stellar
spectrum or the Tungsten lamp spectrum (in case of faint stars) can be used as a reference
for tracing. The spectrum consisting of separated rows is divided by a normalized flat spectrum
to remove the fringe patterns. The continuum normalisation is applied before the wavelength
calibration. Spectra of the separate echelle rows, obtained this way, are then combined into
a single spectrum, which is used in further analysis.
Results
Radial velocity curve for γ Peg is shown in the left panel of Fig. 1. The star is a bright B2IV
β Cephei type pulsator. Our results reveal a period of 3.h4 and an amplitude of variations
about 3.5 km/s.
The data shown in right panel of Fig. 1, were obtained for 28 And (A7III), which belongs
to the δ Sct family. The obtained frequency of 14.427 ± 0.004 c/d, corresponds to earlier
photometric estimations of 14.429 c/d by Rodriguez E et al. (1993).
The radial velocity curves obtained for featured stars show the quality of observations done
with PST. Despite the small aperture PST is eligible of resolving low amplitude and short
period radial velocity variations, sufficient enough for research of pulsating stars.
Acknowledgments. This work was supported by the MNiI/MNiSW grant No. 1 P03D 025 29.
The authors acknowledge the use of the NOAA IRAF package and Period04 by P. Lenz during
data reduction.
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On the excited mode stability in the roAp star γ Equ
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Abstract
Based on both photometric and spectroscopic data analysis, we conclude that in the roAp star
γ Equ excited frequencies are stable on the time scale of several years. All observed highest
peak frequencies are close to the frequency pair that was first resolved by the Canadian mini-
satellite MOST. Observed amplitude modulation in γ Equ and, possibly, in some other slowly
rotating roAp stars can be explained by the existence of such closely spaced frequencies.
Individual Objects: γ Equ
γ Equ is the second brightest roAp star and is the most intensively observed one both
in photometry and spectroscopy. Kurtz (1983) detected a pulsation period of 12.5 min
(1.339 mHz) with an amplitude varying between 0.32 and 1.43mmag. He suggested a rotation
period of 38 days, inconsistent with the magnetic field measurements by Leroy et al. (1994).
Aside from rotation, beating with a closely spaced frequency has been proposed as the
cause of amplitude modulation. Based on cross-correlation radial velocity (RV) study, Lib-
brecht (1988) discovered three frequencies at 1.365 mHz, 1.369 mHz and 1.427 mHz. He
suggested that the amplitude modulation observed in the spectra of roAp stars may not be
due to closely spaced frequencies, but may rather be caused by short (∼ 1 day) mode lifetimes.
Martinez et al. (1996) analyzed multi-site 1992 campaign data, 26 nights in total. They also
suggested short liefetimes of pulsation modes because different frequencies appeared in their
analysis of individual nights.
Continuous 19 day data obtained by the Canadian mini-satellite MOST have allowed to
identify 7 frequencies including f2 = 1.365411 mHz that has never been detected before. This
frequency is very close to the known frequency f1=1.364594 mHz. It seems that f1 and f2
could not be resolved as individual frequencies before (Gruberbauer et al. 2008). This dis-
covery can explain puzzling amplitude modulation in γ Equ as beating of two closely spaced
frequencies.
Spectroscopic and photometric techniques provide information on the boundary zone rel-
evant for any pulsation model and gives access to different modes and hence atmospheric
layers. An observed phase lag between luminosity and RV variations is an important parameter
for a first step towards modeling the stellar structure. Simultaneous photometric and spectro-
scopic observations are required to determine this phase lag. Till now, this was only made for
two roAp stars: HD24712 (Ryabchikova et al. 2007) and 10Aql (Sachkov et al. 2008). For
γ Equ we do not have simultaneous photometric and spectroscopic data. But even the data
separated by a year (spectral data were obtained in August 19 and 20 and September 11 2003
with the NES spectrometer at the Russian 6-m telescope, photometric data were collected
from July 28 to August 16 2004 by the MOST satellite) allow us to check the mode stability
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Figure 1: Highest peak frequencies observed in RV data of γ Equ
by answering the question: does the common photometric/RV solution reproduce the ampli-
tude modulation seen in light and RV curves? The positive answer to this question allows us
to conclude that in γ Equ excited frequencies are stable on the time scale of several years.
We have also compared the highest peak frequencies that we found on the basis of RV
data in 1999-2006. For frequency analysis we used Nd lines. Figure 1 shows the result of this
comparison. In all cases, inferred periods (filled circles) are very near to the closely spaced
pair of frequencies (lines near 12.2 min). The existence of this pair can easily explain the
observed amplitude modulation (open circles, scaled).
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Royal Academy of Sciences (grant No. 11630102), and from Austrian Science Fund (FWF-
P17580).
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Abstract
New photometric observations of Algol type binary system EF Her were carried out in
B, V and R filters during the 2007 observing season. In the literature, there is not any
photometric or spectroscopic study of the system so far. Firstly, the new observations have
been analyzed by using the Wilson-Dewinney code and the geometrical and physical parame-
ters of the system are determined. The mass ratio of EF Her was found about 0.21. Periodic
oscillations are clearly seen in the maximum, secondary minima and also primary minima
of the light curve due to the pulsation of the primary component. The residuals from the
computed binary light curves were analyzed with the PERIOD 04 program. As a result of
this, only one frequency at 10.07 c/d was obtained.
Individual Objects: EFHer
Introduction
EF Herculis is a semi-detached Algol-type binary system. The orbital period and magnitude in
V are given by Kreiner (2004) as 4d.729157 and 11m.4, respectively. The primary component
of the system shows a δ Scuti-type variability (Kim et al. 2004). According to analysis in
B filter made by Kim et al. (2004), the pulsational amplitude and period were found to be
about 0m.06 and 2.5 hour, respectively.
Photometric observations
EF Her was photometrically observed in Johnson B, V and R filters over 18 nights during
the 2007 observing season at the C¸anakkale Onsekiz Mart University Observatory using the
30-cm Schmidt-Cassegrain telescope equipped with a SBIG-10MXE CCD camera. GSC 1525
1000 and GSC 1525 856 were selected as comparison and check stars, respectively. Standard
errors were calculated to be about ± 0m.014, 0m.011 and 0m.012 in B, V and R filters,
respectively.
Photometric analysis
We analyzed the B, V and R light curves with the 2003 version (van Hamme & Wilson 2003)
of the Wilson-Dewinney (W-D) code (Wilson & Devinney 1971), simultaneously. The lowest
value of ΣW(O-C)2 was around T1 = 9327 K, which respond to A2V, was taken from de
Jager and Nieuwenhuijzen (1987). According to W-D solution, i = 770.83, T2 = 4767 K,
Ω 1 = 6.232, Ω 2 = 2.555, q = 0.21, r1mean = 0.166, r2mean = 0.289 were found. The
observational points and the computed light curve in V filter are shown in Figure 1.
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Figure 1: Observational points and computed light curves of EF Her in V filter. The solid line represents
the fit to the data.
Frequency analysis of the photometric data for pulsations
The frequency analysis was made on the residual light curves using PERIOD 04 (Lenz &
Breger 2005) program. As a result of this, one frequency was found to be as the same value
about 10.07 c/d in B, V and R filters. The pulsation amplitudes in B, V and R filters were
determined 0m.069, 0m.051 and 0m.040, respectively.
The results
We have used new photometric observations of EF Her to determine the geometric and
physical parameters of this binary system, including the properties of the primary component.
Our pulsation period of 2h.38 and the amplitude of 0m.069 in the B filter do not with
agree with those reported by Kim et al.(2004), who found 2h.5 and 0m.06 for the respective
parameters.
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work was partially supported by the Research Fund of C¸anakkale Onsekiz Mart University,
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Abstract
The  = 0 -  = 2 small separations can become negative in a certain frequency region during
the evolution of solar-type stars. This specific behaviour can be used to characterize the
convective and the helium stellar cores, and to obtain constraints on the possible extent of
the overshooting at the core edge.
Theoretical analysis
The small separations, defined by δνn, = νn, − νn−1,+2, are very sensitive to the deep
stellar interior (Roxburgh & Vorontsov 1994). Soriano et al. (2007) have shown that they
could become negative, which was in contradiction with the “asymptotic theory” developed
by Tassoul (1980). This phenomenon was related to the presence of a convective core or a
helium core with a sharp edge.
Taking into account the fact that not all the modes travel through the same stellar regions,
we found a new expression for the small separations:








where rt is the internal turning point of the waves.
A rapid variation in the sound speed profile can create a significant change in the integral
and the sign reversal of the small separations.
Results
We performed a study of this phenomenon in the general case of solar-type stars
(Soriano & Vauclair 2008), and we found that all stars go through a stage in their evolu-
tion where their small separations change sign and become negative. This peculiar stage
could be near the end of the main sequence or at the beginning of the subgiant branch. This
phenomenon is clearly related to the high-helium content of convective or helium cores.
During the lifetime of a star on the main sequence, its core develops, and its helium
abundance increases. A sharp discontinuity in the chemical composition and in sound speed
appears at the edge of the core (Fig. 1, left panel). This induces a change in the integral I(r)
and the small separations become negative below 3.5 mHz (Fig. 1, right panel). When
the star reaches the subgiant branch, a helium core remains, with sharp boundaries. There
is still an important discontinuity in the sound velocity profile, and the small separations
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Figure 1: Sound speed profile (top panel) and small separations (lower panel) for a solar metallicity model
([Fe/H]

) of 1.20 M

, 3.683 Gyr, without overshooting.
become negative at lower frequencies than for less evolved models. While the star continues
its evolution on the subgiant branch, the frequency at which the small separations become
negative goes on decreasing.
This special behaviour can be used to characterize the convective and the helium cores,
and also to give constraints on overshooting.
Acknowledgments. M. Soriano aknowledges the financial support granted by the HELAS
Consortium.
References
Roxburgh, I. W., & Vorontsov, S. V. 1994, MNRAS, 267, 297
Soriano, M., Vauclair, S., Vauclair, G., & Laymand, M. 2007, A&A, 471, 885
Soriano, M., & Vauclair, S. 2008, A&A, 488, 975
Tassoul, M. 1980, ApJS, 43, 469
Comm. in Asteroseismology
Vol. 157, 2008, Wroclaw HELAS Workshop 2008
M. Breger, W. Dziembowski, & M. Thompson, eds.
Fourier analysis of gapped time-series
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Abstract
In asteroseismology, gaps in the time series complicate the data analysis and hamper the
precise measurement of stellar oscillation parameters, e.g. the frequencies, amplitudes, phases,
and mode lifetimes. In the Fourier domain the convolution of the stellar signal with the Fourier
transform of the temporal window function introduce data correlations between the different
frequencies. We developed a method to derive Maximum Likelihood Estimates (MLE) of mode
parameters where these data correlations are explicitly taken into account. Using simulated
realisations of noisy time series with gaps, the MLE of the mode parameters of solar-like
oscillations obtained with our new fitting method are more precise and less biased than the
MLE determined based on the unfounded assumption of uncorrelated frequency bins.
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Radius determination from the large frequency separation
D. Stello, and the rest of the AsteroFlag team
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Abstract
We report on the recent 2nd AsteroFLAG hare-and-hound exercise aimed at determining radii
of F-K stars that are on or near the main sequence. Based on the large frequency separation,
obtained from simulations of 4 year data from the Kepler mission (1st AsteroFLAG exercise;
astroph/08034143), we have been able to correctly determine the stellar radii. The various
methods used by each independent hound all agree, which gives strong confidence that radii
estimation can be performed to the 1% level on a routine basis using automatic pipeline
reduction.
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PMS δ Scuti stars in the region of Carina Nebula
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Abstract
We present the results of the photometric search for pulsating stars in the region of Carina
Nebula which contains a very young population of stars and several open clusters. In total, the
time series for about 16,000 stars were obtained and analysed. We found about 150 pulsating
stars in this region, mainly of δ Scuti-type. At least a dozen of them can be members of
young open clusters at the pre-main sequence (PMS) stage of evolution.
Individual Objects: Trumpler 14, Trumpler 15, Trumpler 16
Open clusters in the center of the Carina Nebula
The center of Carina Nebula contains two open clusters: Trumpler 14 (Tr 14) and Trum-
pler 16 (Tr 16). Both clusters are very young, having age of 2 and 5Myr, respectively
(Carraro et al. 2004). Another open cluster, Trumpler 15 (Tr 15), is located about 25′ north of
Tr 14 and Tr 16. It is also very young; its age was estimated for 6Myr by Feinstein et al. (1980).
Observations and reductions
Observations of the central part of Carina Nebula were carried out with the Wide Field Imager
(WFI) attached to the MPG/ESO 2.2-m telescope in La Silla (Chile) during 7 nights between
January 18 and 24, 2006. We used a set of standard UBV (RI)C filters. The observed field
covered the area of 35′ × 35′. In total, about 16,000 stars have been detected and their
photometry analysed using classical Fourier techniques.
The results
As a result of the analysis, about 600 variable stars were found. At least 150 of them are
δ Scuti-type pulsating stars. They are mostly multiperiodic. In addition, we detected about
twenty eclipsing binaries. The remaining stars are long-period variables, irregular variables or
simply stars that have periods much longer than the time interval covered by our observations.
The main purpose of our project was the detection of pulsating δ Scuti stars in the PMS
stage of evolution. At least a dozen of the 150 pulsating stars that we identified as δ Scuti
stars are located in the fields of the three clusters we mentioned above. They are plotted in
the colour-magnitude diagrams of these clusters, separately for each cluster, in Fig. 1. These
diagrams were corrected for differential extinction which is quite large in this area. This is not
a surprise, as the region of Carina Nebula is known as a place of violent star formation and
there is still a lot of interstellar matter in the surroundings of the clusters. We also plotted the






































Figure 1: The colour-magnitude diagrams for Tr 14, 15 and 16, the three clusters in the region of Carina
Nebula. The δ Scuti stars in the fields of clusters are marked by dots. Those, which are most probable
members, are encircled. ZAMS and PMS isochrones, taken from Siess et al. (1997) are indicated by solid
and dashed lines. We also show the instability strip for PMS δ Scuti-type stars from Marconi & Palla
(1998); it is shown with dotted lines.
isochrones in Fig. 1, for five different ages for each cluster, indicating the best fit by a thick
line. It is clear that all clusters are very young: from the location of PMS stars, we estimate
the age of Tr 14 and 16 for 2 Myr. Tr 15 is slightly older, the 6-Myr isochrone seems to fit
the colour-magnitude diagram best. Despite the large contamination by field stars, we may
conclude that some δ Scuti stars we detected are members of these clusters. Consequently,
they are very good candidates for PMS δ Scuti stars. Those best candidates are encircled
in Fig. 1.
Acknowledgments. These observations have been funded by the Optical Infrared Coordi-
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Abstract
We tackle the problem of the existence of nonradial modes in giants. We present the results of
numerical computations of oscillation properties of a model of  Oph based on 54 frequencies
observed by MOST. Many issues, such as mode identification and position of  Oph in HR-
Diagram, are pointed out.
Individual Objects:  Oph.
Results and conclusion
We calculated radial and nonradial pulsation frequencies of models distributed along the
evolutionary track of a 2.03M

stellar model on the giant branch of the HR Diagram and
located in the uncertainty box of  Oph. The models were constructed with the CESAM2k V2
stellar evolutionary code, adopting the OPAL2001 equation of state and Yveline opacities in
the interior. Diffusion of helium and heavy elements was not included. The model eigenspectra
were generated by ROMOSC linear, nonradial, nonadiabatic stellar pulsation code. In our
analysis, we only considered radial modes and strongly trapped unstable (STU) nonradial
modes (Dziembowski et al. 2001) with mode degree l up to 3. We set the initial hydrogen
and metal mass fractions to (X, Z)=(0.71, 0.01). The mixing length parameter was set to
1.74 (Kallinger et al. 2008). The best fit model matches 15 photometric frequencies in ±1σ:
4 to radial p - modes, 3 to l=1, 3 to l=2 and 5 to l=3. The best model fit to 25 photometric
frequencies in ±2σ (7 to radial p - modes, 5 to l=1, 7 to l=2 and 6 to l=3) and 33 in ±3σ
(9 to radial p - modes, 6 to l=1, 10 to l=2 and 8 to l=3).
Table 1: Fundamental stellar parameters for  Oph as found in the literature and for our best fitting model
(M1) and for the best fitting model found by Kallinger et al. (2008) (M2).
Literature M1 M2
Effective temperature ... [K] 4877 ± 100 4899 4892
Luminosity ... [L

] 59± 5 59.13 60.13
Radius ... [R





log g ... [g cm s−2] 2.48± 0.36 2.68 2.674
Age ... [Gyr] 0.73 0.77
Mixing length parameter ... [Hp] 1.74 1.74
Metallicity ... [Z] 0.01 0.01 0.01
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Figure 1: Modal inertia in units of 3MR3 , plotted against frequency. The symbols are displayed only for
those modes that are locally most trapped. In our analysis, we ignored the first five frequencies of the 59
frequencies observed by MOST (Kallinger et al. 2008) because the corresponding theoretical frequencies
have high inertia, due to the damping effect in the outer layers.
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Abstract
We have investigated the influence of global metallicity on the excitation mechanism of roAp
star pulsations. Our computations show that the opacity in the driving region of the roAp
modes is strongly sensitive to the metal content but surprisingly the roAp theoretical instability
strip is only weakly affected by metallicity changes.
Context
Up to now several studies have been dedicated to the excitation of pulsations in roAp
stars (e.g. Dolez & Gough 1982, Dziembowski & Goode 1996, Gautchy et al. 1998,
Balmforth et al. 2001, Cunha 2002). Standard as well as non-standard models have been
proposed to account for the roAp properties but they did not suceed in reproducing the
right position and extent of their instability strip. These previous studies did not however
investigate the effects of metallicity variations.
Recent observations show that the surface metallicity of magnetic A stars increases with
their effective temperature (e.g. Ryabchikova et al. 2004). As no roAp star hotter than 8700K
is detected, this could suggest a relation between the excitation mechanism of roAp modes
(supposedly the κ-mechanism acting in the H ionization region) and their heavy element
distribution. With this in mind we have investigated the effects of global metallicity variations
on the driving of roAp modes to test if nonsolar metallicities could explain the extent of the
roAp instability strip.
Computations and results
We have computed grids of stellar evolutionary models adequate for roAp stars using the
code Cle´s (Scuflaire et al. 2007). The metal mixture used is the solar one (Asplund, Grevesse
and Sauval 2005) with X=0.71. Each grid is computed with a different [Fe/H] value (be-
tween -0.89 to +0.83). The opacity tables (computed with the AGS05 mixture) are those
of OPAL96 (Iglesias & Rogers 1996) completed at low temperature with tables based upon
calculations from Ferguson et al. (2005). As outer boundary conditions, Kurucz atmospheres
(Kurucz 1998) are joined to the interior at an optical depth equal to 1. We computed stan-
dard models with fully radiative envelope, assuming that the convection is suppressed by the
magnetic field (following Balmforth et al.). The stability of these models has been computed
using the non-adiabatic pulsation code MAD (Dupret 2002).
Our results show that the so-called “H-opacity bump” (where the pulsations are driven)
of our models is strongly sensitive to the global metal content of the star: the larger the
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Figure 1: Theoretical instability strips for models with different metallicities (black lines : [Fe/H]= 0.00,
grey lines : [Fe/H]= +0.89, -0.83). Observational points are from Kochukhov & Bagnulo (2006) and
North et al. (1997).
metallicity, the larger the opacity bump. Surprisingly, the theoretical instability strip is only
weakly affected by these changes (see fig.1). These results, which will be discussed in details
in a forthcoming paper (The´ado, Dupret and Noels 2008), show that global metallicity effects
could not help solving the question of the roAp modes excitation in cool roAp stars.
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Abstract
Reinvestigations of the short-period oEA star RZ Cas by using the “SHELLSPEC” code con-
firm most of the system parameters obtained by Lehmann & Mkrtichian (2008). Results from
spectra obtained in 2001 point to a transient phase of rapid mass transfer and to the existence
of dense circumprimary matter of disk-like structure, while results from spectra obtained in
2006 show that the system was in a quiet state during this period and can be modelled very
well by two stars of which the secondary component fills its Roche lobe. The brightness
distribution over the surface of the secondary can be described by a gravity darkening law
that assumes two different exponents for hemispheres of different stars.
Individual Objects: RZCas
Introduction
RZ Cas is one of the best investigated oEA stars (i.e. Algol-type systems where the mass-
accreting primary shows δ Scuti-like oscillations; Mkrtichian et al. 2002, 2004) of which
extended photometric (Mkrtichian et al. 2007; Rodriguez et al. 2004) and spectroscopic
(Lehmann & Mkrtichian 2004, 2008) investigations exist. As a result, the following facts
were established: RZCas is a short-period Algol-type system (P = 1.1952595 d; A3V/K0 IV
spectral type) that shows an orbital period change of the order of seconds within decades,
a very pronounced Rossiter effect during primary minimum and amplitude modulation of
nrp (non-radial pulsation) modes with an orbital phase in which a strong enhancement of
the amplitudes during the primary eclipse can be seen (so-called spatial filtration effect).
A different asymmetry of the Rossiter effect and different strengths of the nrp-amplitude
modulation in different epochs of observations have been observed.
Spectroscopic modelling and results
We obtained high-resolution spectra with the Coude-Echelle-Spectrograph at the 2-m tele-
scope at the Thu¨ringer Landessternwarte Tautenburg in 12 runs in 2001 (951 spectra) and in
8 runs in 2006 (512 spectra). Based on these spectra, we reinvestigated the RZ Cas system
by using the modern code “SHELLSPEC” (Budaj & Richards 2004; Budaj et al. 2005) for
the synthesis of composite line profiles from binary systems. The program computes the
Roche geometry of the secondary; effects like gravity darkening for the secondary, accretion
disk and gas stream are also taken into account. Composite spectra can be obtained for
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all orbital phases, including eclipse mapping. Starting values for atmospheric parameters for
both components like abundances, Teff and vsin i have been obtained from the analysis of
the disentangled spectra derived with the KOREL program (Hadrava 2004) while the starting
values for the system parameters like radii and masses of the components, orbital inclination
and separation were taken from the Wilson-Devinney solution and from the radial velocity
analysis (Lehmann & Mkrtichian 2004, 2008). After the masses, Teff , vsin i and limb dark-
ening coefficients for both components were fine-tuned by using SHELLSPEC, we tried to
adjust the gravity darkening exponent for the secondary using the spectra from 2006. We
found that the brightness distribution over the surface of the secondary can be described very
well if we apply a gravity darkening law with two different exponents for the two hemispheres
of the secondary pointing towards (β = 0.5) and away (β = 0.1) from the primary. The
obtained ultra-large value of β = 0.5 cannot be interpreted in terms of gravity darkening.
Their interpretation is that it reflects the existence of a large dark spot on the surface of the
secondary near to Lagrangian point one. This is in line with findings by Unno et al. (1994),
where authors reported about an ultra-large gravity darkening exponent of 0.53 for the sec-
ondary of RZCas. The interpretation was that as a result of mass-outflow from the secondary,
spots on the front and back sides of the secondary towards the primary are formed.
In a next step, the model obtained from the 2006 spectra was applied to the spectra
taken in 2001 without changing any of the parameters. Results showed a strong attenua-
tion of the primary line profile for most orbital phases, pointing to the existence of dense
circumprimary matter of a disk-like structure. This result confirms the hypothesis of a
transient phase of rapid mass transfer during the 2001 observational period as given by
Lehmann & Mkrtichian (2004, 2008). Finally, we did a very first attempt to include a disk-
like circumprimary matter in our model and found that the system in 2001 can be better
described in this way, but we have to assume a complex angular density distribution of the
disk.
Conclusions
RZ Cas shows different behaviour in 2001 and 2006 observation periods. Whereas in 2006 the
observed line profiles can be very well modelled by two stars only, the more complex model
with a dense disk of circumprimary matter should be applied to the spectra from 2001. We
found that this disk must have a complex angular density distribution. In a further step, we
want to model the system by using 3D-hydrodynamical simulations of the mass-transfer to
improve our solution.
Acknowledgments. We would like to thank J. Budaj for providing us with the SHELLSPEC
code.
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Abstract
We present the first ground-based photometric observations and results of EW Boo. The
V light curve obtained over 12 nights in 2006 was analyzed by using the Wilson-Dewinney
code. We also found that the primary component of the system shows δ Scuti-type variability.
Individual Objects: EW Boo
Introduction
EW Boo (HIP 73612, V=10m.27), discovered by the Hipparcos satellite (ESA 1997), is an
Algol-type binary system with an orbital period of 0d.906336. The spectral type of the system
has been given as A0 (ESA 1997). There is not any published work about the system. This
system also has taken part in the catalogue of close binaries located in the δ Scuti region of
the Cepheid instability strip reported by Soydugan et al. (2006a). So, It may be shown as
candidate system to the pulsations in that catalogue.
In this work, we present the first photometric observations of the close binary star EW
Boo, obtained at C¸anakkale Onsekiz Mart University Observatory. Preliminary results of
photometric analysis and pulsational properties of the hotter component for the system are
also given.
Photometric Analysis
Before starting light curve (LC) solution, we have used a few spectra taken at Catania Astro-
physical Observatory during 2004 season to obtain radial velocities (RV) of the components.
We have made preliminary analysis of RV curves to estimate the absolute parameters of the
components. We analyzed V light curve with the 2006 version (van Hamme & Wilson 2003) of
the Wilson-Dewinney (W-D) code (Wilson & Devinney 1971), simultaneously. Firstly, (B-V)
the color taken from Hipparcos (ESA 1997) was recalculated extracting interstellar reddening
and we found (B-V)0 as 0m.19, which responds to about A6V spectral type (Pickles 1998).
Using the tables of deJager & Nieuwenhuijzen (1987), we estimated the surface temperature
of the primary component to be 8179 K, which was used in the Wilson-Devinney code as a
fixed parameter. In the solution, the common way is followed to obtain the best LC solution
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Figure 1: Observational points and computed light curve of EW Boo in V filter.
in V filter (e.g. Soydugan et al. 2003). The mass ratio of the system was found to be about
0.217. The V light curve and theoretical representation according to LC solution can be seen
in Fig.1. The pulsational variation on the light curve is very clear in this figure.
Frequency Analysis of The Photometric Data for Pulsations
The frequency analysis was made on the residuals light curves, which are extracted from the
theoretical fit applied observed light curves, using PERIOD 04 (Lenz & Breger 2005) program.
As a result of this, pulsational period and amplitude were found to be about 30 minutes and
∼ 0m.02, respectively. The preliminary analysis indicates that the system probably has more
than one pulsational frequency.
The results
We have presented preliminary LC solution of EW Boo in V filter for the first time. In the
first frequency analysis using 2006 data in V filter, two meaningful pulsational periods are
obtained. The location of EW Boo in the diagram agrees well with the correlation between
orbital and pulsation periods of eclipsing binaries given by Soydugan et al. (2006b). The
detailed analysis of the system will be published elsewhere.
Acknowledgments. We wish to thank the Turkish Scientific and Technical Research Council
(TU¨BI˙TAK) for supporting this work as a career project through grant no. 107T634.
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Abstract
We present an analysis of about 400 high-resolution time-resolved VLT/UVES spectra of the
eclipsing subdwarf binary system PG 1336−018 - a rapidly pulsating subdwarf B primary in a
short orbit with an M5 companion. We analysed the spectra of PG1336−018 with the aim to
detect the pulsational signal of the primary in line-profile variations. After removing the domi-
nant radial-velocity component inherent to the orbital motion, we computed cross-correlation
functions for each individual spectrum and assumed these to approximate the average line
profile. The dominant pulsation mode is detected in the cross-correlation functions and may
lead to the first spectroscopic mode identification for this star.
Individual Objects: PG 1336-018
Frequency detection
We have calculated the Fourier amplitude spectrum of the time series of the cross-correlation
profiles. For each wavelength (velocity) bin, the amplitude as a function of frequency is
plotted in Fig.1. In the frequency domain where the most pulsation power of PG 1336−018
is detected in photometry (Kilkenny et al.2003) we find a frequency at which variations are
clearly seen. This frequency at 5435 μHz is the main pulsation mode seen in the ULTRACAM
data set (Vucˇkovic´ et al. 2007) and is found in all photometric data sets on PG 1336−018
(Kilkenny et al. 1998, 2003; Reed et al. 2000). This is the first time that variation in the
line profiles of PG 1336−018 has been detected. Our aim, like in any asteroseismic study, is
to identify the modes of the pulsation. Such a study is currently under way. In the follow-up
paper of this work, we will present the analysis of the character of this mode.
Acknowledgments. We are thankful to Wolfgang Zima for his help in FAMIAS and the cross-
correlation subroutines. MV acknowledges a PhD scholarship from the Research Council of
Leuven University. MV,RO CA and RØ are supported by the Research Council of Leuven
University, through grant GOA/2003/04.
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Figure 1: Two dimensional Fourier amplitude spectrum of all the out-of-eclipse PG 1336−018 spectra.
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Abstract
The lack of well-identified modes is one of the major problems preventing an in-depth as-
teroseismic study of gravity-mode (g-mode) main sequence pulsators. Since several of the
currently available spectroscopic mode identification techniques have been developed for, or
only extensively tested on pressure-mode pulsations, we started an investigation to improve
them for the high radial order g-modes observed for slowly pulsating B (SPB) and γ Doradus
(γ Dor) stars. A few high quality spectroscopic timeseries are being obtained for a selection
of the most promising members of these groups with a large spread in projected rotational
velocity that will serve as testbeds. These data will also enable us to study any observational
relationship between the observed g-modes (degree l, azimuthal number m and/or pulsation
amplitude) and the rotation of these non-radially pulsating stars.
Individual Objects: QW Puppis
So far spectroscopic mode identification for SPB and γ Doradus stars has been a limited
success. This study uses the recently developed Fourier Parameter fit (FPF) method (Zima
2006) which has produced excellent results on the large spectroscopic data sets for some β
Cephei and δ Scuti stars (e.g. Zima et al. 2006). The method generates synthetic data
to match to the zero point profile and the phase and amplitude distribution across the line
profile. However, difficulties have been encountered when applying the method to g-mode
pulsating stars (Zima et al. 2007).
Using 179 observations obtained at the South African Astronomical Observatory (SAAO)
on the 1.9m (Radcliffe) telescope and at the Mount John University Observatory (MJUO)
of the γ Dor star QW Puppis, periodic profile variability is clearly observed and a few clear
frequencies were extracted. After an FPF analysis of the first two strongest frequencies the fit
to the zero point profile and phase change across the profile is good, however the amplitude
distribution is not well matched. A better fit to this data cannot be obtained with the models
used in the FPF software. From this it is surmised that either the frequencies determined
may be misidentified, since aliasing is a strong problem for these stars, or, more likely, that
the assumptions made to produce the synthetic data used for the fit are not valid for this
star.
To adapt the FPF method to be usable on the SPB and γ Dor stars, this research will carry
out a large-scale study of spectral line synthesis in a manner similar to that of Schrijvers &
Telting (Schrijvers et al. 1997; Telting & Schrijvers 1997a; Telting & Schrijvers 1997b). This
will focus on stellar models considered more suitable for g-mode pulsation by including effects
such as the Coriolis force. By confronting our multisite campaign data with the spectral line
synthesis improvements a greater knowledge of the effects of the assumptions made can be
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obtained. Further, interesting results from more complex stellar models such as the equatorial
wave trapping due to rotation (Townsend 2003) or mode amplitude damping may be able to
be investigated as high quality spectroscopic SPB and γ Dor datasets increase.
To enable more of these detailed studies of line profile variability in the SPB and γ Dor
type stars, there is also ongoing work on candidate SPB and γ Dor stars to determine their
projected rotational velocity (v sin i) and whether they show clearly varying spectral line
profiles. This allows better characterisation of these populations and will provide a larger
selection of good multisite campaign targets with a variety of properties to be available for
future studies.
Acknowledgments. This paper uses observations made at the South African Astronomical
Observatory and the Mount John University Observatory.
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Hybrid stars like ν Eri and 12 Lac show two different types of pulsations: (i) low-order acous-
tic and gravity modes of β Cephei type with periods of about 3 − 6 hours, and (ii) high-
order gravity modes of the SPB type with periods of about 1.5 − 3 days. Seismic models
of ν Eri (Pamyatnykh et al. 2004, Dziembowski & Pamyatnykh 2008) using both OPAL
(Iglesias & Rogers 1996) and OP (Seaton 2005) opacity data reproduce the observed range
of short-period low-order pulsations of the β Cep type well and also show a tendency to in-
stability of long-period high-order gravity modes. With the OP data, the instability of the
quadrupole ( = 2) high-order gravity modes was found, but at slightly shorter periods than
those observed. Trying to reproduce both short and long period ranges of the ν Eri pulsations,
we tested the effects of artificial 50 % opacity enhancement around the metal opacity bump
at log T ≈ 5.3− 5.5, as it is shown on Fig. 1. Models were computed using the OP opacities
Figure 1: Opacity behavior inside non-modified (1) and modified models (2, 3). Model 2 follows the line
of Model 3, for clarity it was not shown.
and new solar proportions in the heavy element abundances (A04, see Asplund et al. 2005).
In all models, the frequencies of radial fundamental and two dipole modes (g1 and p1) were
fitted to the observed values with accuracy better than 0.0005 c/d. As we may see, in Fig. 1,
the opacity enhancement in the modified models is less than 50 %, because the fitted models
differ in metal abundances and other parameters.
As a result of the opacity enhancements, Model 3 is very close to having unstable dipole
high order gravity modes at the observed frequency range (Fig. 2). Also, the range of the
unstable short period modes is in better agreement with the observations. In addition, a small
decrease of the hydrogen abundance (X = 0.69 instead of X = 0.70) allows to achieve also
a good frequency fit of the  = 1, p2 mode to the observed value of 7.898 c/d.
We note however that the required opacity increase, by 50 % in the Z bump, appears
larger than allowed by uncertainties in current opacity calculations. A similar improvement in
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Figure 2: The normalized growth rates, η, of  = 1 and  = 2 modes as a function of mode frequency
in seismic models of ν Eri (η > 0 for unstable modes). Vertical lines mark the observed frequencies
(Jerzykiewicz et al. 2005), with amplitudes given in a logarithmic scale. In all models, the frequencies of
radial fundamental and two dipole modes (g1 and p1) fit the observed values at 5.763, 5.637 and 6.244
c/d, respectively. In Model 3, one more dipole mode (p2) fits the observed value at 7.898 c/d (with the
accuracy 0.001 c/d). Model 2 nearly follows the line of the Model 3, for clarity it was not shown.
the fit may be achieved with a more modest (few percent) modification of the opacity bump
at log T = 6.3. We plan to examine this option in future.
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FAMIAS - A userfriendly new software tool for the mode identification
of photometric and spectroscopic times series
W. Zima
Instituut voor Sterrenkunde, K.U. Leuven, Belgium
Abstract
FAMIAS (Frequency Analysis and Mode Identification for AsteroSeismology) is a collection
of state-of-the-art software tools for the analysis of photometric and spectroscopic time series
data. It is one of the deliverables of the Work Package NA5: Asteroseismology of the
European Coordination Action in Helio- and Asteroseismology (HELAS1).
Two main sets of tools are incorporated in FAMIAS. The first set allows to search for pe-
riodicities in the data using Fourier and non-linear least-squares fitting algorithms. The other
set allows to carry out a mode identification for the detected pulsation frequencies to deter-
mine their pulsational quantum numbers, the harmonic degree, , and the azimuthal order, m.
For the spectroscopic mode identification, the Fourier parameter fit method and the moment
method are available. The photometric mode identification is based on pre-computed grids
of atmospheric parameters and non-adiabatic observables, and uses the method of amplitude
ratios and phase differences in different filters. The types of stars to which FAMIAS is appli-
cable are main-sequence pulsators hotter than the Sun. This includes the Gamma Dor stars,
Delta Sct stars, the slowly pulsating B stars and the Beta Cep stars - basically all pulsating
main-sequence stars, for which empirical mode identification is required to successfully carry
out asteroseismology.
The complete manual for FAMIAS is published in a special issue of Communications in
Asteroseismology, Vol 155. The homepage of FAMIAS2 provides the possibility to download
the software and to read the on-line documentation.
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